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In this work, three members of the RERh2Si2 (RE = rare earth) series have been studied by
means of UV and soft X-ray angle-resolved photoemission spectroscopy (ARPES) in combination
with ab initio band structure calculations, X-ray magnetic linear dichroism (XMLD) and high reso-
lution Compton scattering. Hereby, various aspects of the rich 4 f physics in these rare-earth-based
intermetallics have been highlighted, which include itinerant surface magnetism, Fermi surface fold-
ing across an antiferromagnetic phase transition and the Fermi surface crossover with temperature in
a Kondo lattice.
GdRh2Si2 is an antiferromagnet with alternating layers of ferromagnetically coupled Gd layers,
which are separated by Si-Rh-Si buffers. Our combined UV-ARPES experiments and electronic struc-
ture calculations show that cleavage along a basal plane leaves behind either a Gd- or a Si-terminated
surface, where the latter bears two distinct two-dimensional electron states (2DESs): a purely two-
dimensional Shockley surface state and a Dirac-cone-type surface resonance. Both 2DESs at the
Si-terminated surface couple via exchange interaction to the large Gd 4 f moments buried below the
topmost Si-Rh-Si trilayer and reveal a strong spin splitting with values up to ∼185 meV in the Shock-
ley state, when the magnetic ordering evolves. Our UV-ARPES and XMLD results suggest that both
2DESs play a decisive role in the mediation of the magnetic ordering at the surface, which first devel-
ops independently from the ordering in the bulk even far below the Néel temperature of 107 K, before
it connects to the bulk magnetism at ∼ 60 K. We further studied the influence of potassium deposi-
tion on the 2DESs by ARPES. In addition, our calculations suggest a small splitting of the Shockley
surface state even in the paramagnetic phase and an unusual Rashba-like spin texture with a triple
winding of the electron spins along the Fermi surface contour. However, in the present work this
small splitting could not be resolved by the ARPES experiments due to the large lifetime broadening
of the surface bands.
The rest of this work takes a closer look at the bulk Fermi surface of the prominent heavy-fermion
compound YbRh2Si2. We first established with the help of UV-ARPES measurements on EuRh2Si2,
that the large Fermi surface in YbRh2Si2, which has previously been observed at low temperatures
down to 1 K, indeed contains one additional hole per unit cell originating from the delocalized degree
of freedom of the 4 f hole in accordance with Luttinger’s Fermi surface sum rule, even though the
Yb valence deviates only very slightly from Yb3+. This finding confirms, that the observed large
Fermi surface in YbRh2Si2 is indeed a manifestation of a true many-body effect arising from strong
electronic correlations. We have hereby made usage of the unique property of EuRh2Si2 being the
only compound in the RERh2Si2 series with a divalent rare-earth ion. This offers the valuable oppor-
tunity to gauge experimentally and in the absence of strong renormalization effects on the electronic
structure the topology and size of the large Fermi surface, which is expected for a nearly trivalent
RERh2Si2 Kondo lattice.
Upon entering the antiferromagnetic phase, the Fermi surface of EuRh2Si2 is subject to band
folding, as observed by soft X-ray ARPES, due to the doubled size of the unit cell. This leads to
a pronounced splitting and fragmentation of the Fermi surface, which could clearly be observed in
the Fermi surface maps obtained by high-resolution UV-ARPES. In light of certain parallels between
EuRh2Si2 and YbRh2Si2 concerning magnetic correlations, these findings might suggest that qualita-
tively similar changes of the Fermi surface topology upon entering the antiferromagnetic phase might
also be of relevance for YbRh2Si2. This might have serious implications for the understanding of the
enigmatic quantum phase transition in this compound and should certainly be taken into account.
We have further addressed the long-standing problem of the temperature dependence of the Fermi
volume in Kondo lattices. Theory predicts a crossover of the Fermi surface from large to small upon
increasing temperature, as the 4 f electron (or hole in Yb-based Kondo lattices) leaves the strong-
coupling regime, where its degree of freedom is dissolved into the Fermi sea, and becomes effectively
localized and decoupled from the conduction band. However, a comprehensive experimental proof
of this prediction is still lacking to date. In this work, we have employed high-resolution Comp-
ton scattering to derive the electron occupation number density (EOND) of YbRh2Si2, which can be
viewed as the projection of the Fermi volume onto a two-dimensional plane in momentum space. Our
measurements have indeed revealed pronounced changes in the EOND of YbRh2Si2 between 14 K
and 300 K, which can be attributed to a reconstruction of the Fermi surface with increasing tempera-
ture. Comparison to equivalent measurements on YbCo2Si2, a reference system for the small Fermi
surface, allowed us to conclude, that the YbRh2Si2 EOND at 300 K reflects a small Fermi surface,
which results from a transition of the Fermi volume from large to small due to the temperature-driven
breakdown of the Kondo lattice effect. To the best of our knowledge, this is the first experiment of
this kind, which comprehensively visualizes the Fermi surface transition with temperature over the
whole Brillouin zone in an Yb-based Kondo lattice.
Zusammenfassung
Diese Arbeit untersucht drei Vertreter aus der Gruppe der RERh2Si2 Verbindungen (wobei RE für ein
Seltenerdelement gemäß der englischen Bezeichung rare earth steht), welche mittels Ultraviolett- und
Röntgenphotoelektronenspektroskopie (UV-ARPES bzw. SX-ARPES) in Kombination mit Band-
strukturrechnungen, linearem magnetischem Röntgendichroismus (XMLD) sowie hochauflösender
Comptonstreuung untersucht wurden. Hierbei wurden verschiedene Aspekte der reichhaltigen Physik
in diesen intermetallischen Verbindungen, die von den 4 f -Elektronen herrührt, beleuchtet, welche
Phänomene wie itineranten Oberflächenmagnetismus, die Faltung einer Fermifläche durch einen an-
tiferromagnetischen Phasenübergang sowie die temperaturabhängige Transformation der Fermifläche
in einem Kondogitter einschließen.
GdRh2Si2 ist ein Antiferromagnet, in welchem ferromagnetisch geordnete Gd-Lagen mit alter-
nierender Ausrichtung gestapelt sind und jeweils durch einen dreilagigen Puffer aus Si-Rh-Si ge-
trennt werden. Unsere UV-ARPES-Messungen und Bandstrukturrechnungen haben gezeigt, dass ein
Auseinanderbrechen der Probe entlang einer Basalebene entweder eine Gd- oder eine Si-terminierte
Oberfläche hinterlässt, wobei letztere zwei verschiedene zweidimensionale Elektronenbänder (2D-
EB) aufweist: ein rein zweidimensionales Oberflächenband vom Shockley-Typ, sowie eine Oberflä-
chenresonanz in der Form eines Dirac-Kegels. Beide 2D-EB auf der Si-terminierten Oberfläche kop-
peln mittels Austauschwechselwirkung an die großen magnetischen Gd-4 f -Momente, welche sich
unter der obersten Si-Rh-Si-Schicht befinden, und zeigen eine starke Aufspaltung mit Werten von
bis zu ∼ 185 meV im Shockley-Zustand, sobald sich magnetische Ordnung ausgebildet hat. Unsere
ARPES- und XMLD-Messungen legen nahe, dass beide 2D-EB eine entscheidende Rolle bei der Ver-
mittlung der magnetischen Ordnung an der Oberfläche spielen, welche sich zunächst auch deutlich
unterhalb der Néel-Temperatur von 107 K unabhängig von der Magnetisierung im Volumen entwi-
ckelt, bevor sie an die Volumenmagnetisierung etwa unterhalb von 60 K angebunden wird. Wir haben
ferner den Einfluss des Aufdampfens von Kalium auf die 2D-EB mittels ARPES studiert. Desweiteren
haben unsere Rechnungen eine schwache Aufspaltung des Shockley-Zustandes selbst in der parama-
gnetischen Phase ergeben, welche mit einer ungewöhnlichen Rashba-artigen Spintextur einhergeht,
die eine Dreifachwindung der Elektronenspins entlang der Fermiflächenkontur aufweist. Im Rahmen
dieser Arbeit konnte diese kleine Aufspaltung jedoch nicht mittels ARPES aufgelöst werden, da die
lebensdauerbedingte Verbreiterung der Shockley-Bänder leider zu groß war.
Der verbleibende Teil der Arbeit widmet sich der Fermifläche im Volumen der bekannten Schwere-
Fermionen-Verbindung YbRh2Si2. Mit Hilfe von UV-ARPES-Messungen an EuRh2Si2 haben wir zu-
nächst nachgewiesen, dass die große Fermifläche, die vormals in YbRh2Si2 bei tiefen Temperaturen
bis & 1 K beobachtet wurde, tatsächlich einen zusätzlichen lochartigen Zustand pro Einheitszelle ent-
hält, der in Übereinstimmung mit der Luttinger-Summenregel von dem delokalisierten Freiheitsgrad
des 4 f -Lochs stammt, obwohl die Valenz der Yb-Ionen nur sehr geringfügig von Yb3+ abweicht. Die-
se Erkenntnis bestätigt, dass die große Fermifläche in YbRh2Si2 in der Tat einen Vielteilcheneffekt
widerspiegelt, der auf starke elektronische Korrelationen zurückzuführen ist. Hierbei haben wir uns
die einzigartige Eigenschaft von EuRh2Si2, dass es die einzige Verbindung in der RERh2Si2-Serie
mit zweiwertigen Seltenerd-Ionen ist, zunutze gemacht. Dies bietet die wertvolle Gelegenheit, die
Topologie und Größe der großen Fermifläche, wie man sie in einem nahezu dreiwertigen RERh2Si2-
Kondogitter erwarten würde, experimentell und in Abwesenheit von starken Renormierungseffekten
auf die elektronische Struktur abzuschätzen.
Wenn EuRh2Si2 in die antiferromagnetische Phase übergeht, verdoppelt sich die Größe der Ein-
heitszelle und die Fermifläche wird gefaltet, wie wir mittels SX-ARPES beobachten konnten. Hoch-
auflösende UV-ARPES-Messungen haben gezeigt, dass die Fermifläche aufgrund der Faltung ei-
ne deutliche Aufspaltung und Fragmentierung erfährt. Diverse Parallelen zwischen EuRh2Si2 und
YbRh2Si2 und ihren magnetischen Korrelationen legen nahe, dass qualitativ ähnliche Änderungen in
der Fermiflächentopologie aufgrund des Eintritts in die antiferromagnetische Phase auch für YbRh2Si2
von Bedeutung sein könnten. Dies könnte ernstzunehmende Folgen für das Verständnis des rätselhaf-
ten Quantenphasenübergangs in diesem System haben, die sicherlich in Betracht gezogen werden
müssten.
Der letzte Teil der Arbeit beschäftigt sich mit dem recht lang bestehenden Problem der Tem-
peraturabhängigkeit des Fermiflächenvolumens in Kondogittern. Die Theorie sagt einen Übergang
von einer großen zu einer kleinen Fermifläche mit größer werdender Temperatur voraus, da das 4 f -
Elektron (oder 4 f -Loch in Yb-basierten Kondogittern) den Bereich starker Kopplung, in welchem
sein Freiheitsgrad Teil des Fermi-Sees ist, verlässt und sich effektiv lokalisiert und vom Leitungsband
entkoppelt. Dennoch fehlt bis heute ein umfassender experimenteller Nachweis dieser Vorhersage. Im
Rahmen dieser Arbeit wurde mittels hochauflösender Comptonstreuung die Elektronenbesetzungs-
zahldichte (EOND, vom englischen Ausdruck electron occupation number density) in YbRh2Si2
ermittelt, welche als Projektion des Fermivolumens auf eine zweidimensionale Ebene im Impuls-
raum verstanden werden kann. Unsere Messungen zeigten deutliche Veränderungen in der EOND in
YbRh2Si2 zwischen 14 K und 300 K, die auf eine Rekonstruktion der Fermifläche mit zunehmender
Temperatur zurückgeführt werden können. Aufgrund eines Vergleichs mit äquivalenten Messungen
an YbCo2Si2, einem Referenzsystem für die kleine Fermifläche, schlussfolgern wir, dass die EOND
von YbRh2Si2 bei 300 K eine kleine Fermifläche widerspiegelt, welche aus dem Übergang von ei-
nem großen zu einem kleinen Fermivolumen infolge des temperaturbedingten Zusammenbruchs des
Kondogittereffekts resultiert. Das ist nach unserem Wissen das erste Experiment dieser Art, welches
den temperaturinduzierten Übergang des Fermivolumens in einem Yb-basierten Kondogitter in um-
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Since the first successful, large-scale isolation of pure rare-earth elements in the 1950s1, lanthanides
and their compounds have gained an ever increasing significance in technology and fundamental
research. This relatively late debut of the lanthanides as well as the etymology of their naming is
inherently related to their defining characteristic: the successive filling of the 4 f shell deep inside
the ionic core. The extent of the 4 f orbital is so small, that it is well shielded by the larger, yet
completely filled 5p and 5s orbitals, while the outer 5d and 6s electrons contribute to the conduction
bands in metals. On the other hand, the partial filling of the 4 f shell leads to an incomplete shielding
of the outer electrons, which results in a successive shrinking of the atomic and ionic radii across the
lanthanides with increasing atomic number, which is known as the lanthanide contraction. In general,
due to their small spatial extent, 4 f orbitals on neighboring sites do not overlap and the 4 f electrons
do not participate in chemical bonding. As a consequence, rare-earth elements have a mostly identical
configuration of the outer valence orbitals, which makes them chemically hard to distinguish and to
isolate.
Despite their similarity in chemical behavior, the lanthanides differ vastly in the properties derived
from the distinct filling of the 4 f shell. As the 4 f electrons reside mostly within the ionic core, their
configuration is close to the one in isolated atoms even in compounds. The possibility of configu-
rations with up to seven unpaired electrons in conjunction with strong spin-orbit coupling gives rise
to huge magnetic moments, which results in the strongest available types of permanent magnets as
realized in neodymium-iron-boron alloys [2]. In crystalline materials, the highly degenerate Hund’s
rule ground state in rare-earth ions with large total angular momentum J is weakly split due to the
crystalline electric field of the surrounding ligands. This effect has for instance been used for the
design of the Nd:YAG (neodymium-doped yttrium aluminum garnet) laser [3].
When two different 4 f configurations are nearly degenerate in energy, the 4 f shell becomes unsta-
ble and may lead to a myriad of different exotic phases. Such a situation arises, when the nominal 4 f
ground state configuration lies close to a favorable empty, half-filled or completely filled f configura-
tion. For instance, the trivalent Ce ion has a single f -electron, which can be easily removed without
a considerable energy penalty, which makes the 4 f 1 and 4 f 0 ground states nearly degenerate. Like-
wise, the 4 f 13 and 4 f 14 configurations in Yb are close in energy according to electron-hole symmetry.
1 For an introduction to elemental rare earths and their magnetic properties, see e.g. ref. [1].
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One of the earliest evidences for such an instability is the well-known isostructural γ − α transition
in cerium under pressure, which is interpreted in terms of a localized 4 f electron in the γ-phase,
which gains itinerant, band-like character upon switching to the α-phase and participates in chemical
bonding ([4], see also reviews in [1, 5]). The first heavy-fermion behavior was observed in CeAl3
by Andres, Graebner and Ott in 1975 [6]. Soon after, in 1979, the discovery of superconductivity in
heavy-fermion CeCu2Si2 [7] greatly intensified the research activities on rare-earth compounds and
the quest for other materials with 4 f (or 5 f ) instabilities including heavy-fermion and mixed-valent
materials, dilute and periodic Kondo systems and heavy-fermion superconductors [8, 9]. Later on, the
focus switched to the observation of exotic properties in the vicinity of quantum-critical points deviat-
ing from the standard Landau Fermi liquid picture of low-temperature metallic behavior, as it has been
observed that new states of matter, including unconventional superconductivity, often arise within or
close to a quantum-critical regime [10–12]. These unconventional materials owe their great appeal
to the observation, that a huge variety of phases can be investigated within an accessible part of the
phase space by convenient tuning of external parameters like temperature, magnetic field, hydrostatic
or chemical pressure. At the heart of these intricate phenomena is the competition between different
microscopic mechanisms and related energy scales including the Kondo and RKKY interaction. We
will address these mechanisms in more detail in the following sections.
As a prominent example for this class of materials, we study the prototypical quantum-critical
heavy-fermion system YbRh2Si2 in this work. We further investigate the Fermi surface topology
of EuRh2Si2. Although of no particular relevance for the results presented here, this material in
principle also belongs in the category of unstable 4 f shells, as it can be driven through a first-order
valence transition under hydrostatic pressure from a divalent antiferromagnetic into a moderately
heavy-fermion, nearly trivalent paramagnetic phase [13].
Lanthanide compounds are also considered as promising candidates for spintronic applications, in
particular rare-earth nitrides and europium oxide [14, 15]. In these types of materials, the combination
of semiconductor properties and strong ferromagnetic exchange is desirable to achieve spin-polarized
charge carriers. Furthermore, rare earths recently entered the field of topological insulators as dopants
to induce a gap in the topologically protected surface states [16, 17]. Both fields are inherently re-
lated to surface physics, spin polarization and magnetic exchange interaction. In the present work, we
investigate the surface electronic structure of the antiferromagnetic metal GdRh2Si2. Although not
being a semimetal, this material bears characteristics of spintronic materials, as it exhibits a silicon-
terminated surface, at which two distinct surface-related states are modified by strong ferromagnetic
exchange interaction. This compound might therefore serve as a toy system for a systematic investi-
gation of intrinsic spin-polarized surface states.
In the next sections, we will review the fundamentals, which are relevant for a comprehension of
the results and discussions presented in this work. First, we will give a brief account of common
4 f -related properties in rare-earth materials, the Kondo lattice effect and heavy-fermion formation.
We then give an overview of the magnetic properties in the series of RERh2Si2 (RE = rare earth) com-
pounds. We continue with an introduction to angle-resolved photoemission spectroscopy (ARPES)
theory, X-ray magnetic linear dichroism (XMLD), density-functional theory and band structure calcu-
lations and to the theory of high-resolution Compton scattering for the reconstruction of the electron
3
momentum density. The fundamentals will close with a section, which briefly describes experimental
details.
The main part of this work comprises three distinct studies on members of the RERh2Si2 series.
In the first part, we present the surface electronic structure of GdRh2Si2 studied by ARPES, XMLD
and DFT-based band structure calculations. The second part is devoted to a detailed study of the bulk
Fermi surface topology in EuRh2Si2 by ultraviolet (UV) and soft X-ray ARPES, which serves as a ref-
erence for the renormalized large Fermi surface at low temperatures of the heavy-fermion compound
YbRh2Si2. In the last part, we present a Compton scattering study of YbRh2Si2 at low and room tem-
perature, which tackles the question of the expected Fermi surface transition from large to small with
increasing temperature. This technique offers an alternative approach to access momentum-resolved
information on the bulk Fermi surface topology even at temperatures hardly accessible by standard




2.1 Characteristic properties derived from the 4 f electrons in rare-
earth intermetallics
Even though we have already covered in the introduction the most important characteristics of the
rare-earth elements and their compounds related to the 4 f electrons, we give a brief overview of
those in slightly more depth in this section, albeit with some inevitable repetitions.
The lanthanides comprise the fifteen elements from lanthanum to lutetium, although only those
elements containing a partially filled 4 f shell, i.e. the elements from cerium to ytterbium, may have
a magnetic moment and show magnetic behavior. The 4 f shell is consecutively filled throughout the
lanthanides, while it is small enough to be shielded by the completely filled 5s and 5p orbitals. The
4 f electrons thus mostly retain their atomic configuration without contributing to chemical bonding
or conduction band formation. Exceptions to this general rule will be discussed below in conjunction
with periodic Kondo lattices. The ground state configuration of the 4 f electrons is given by the Hund’s
rules giving rise to localized moments with total angular momentum quantum number J = |L − S |
for less than half-filled or L + S for more than half-filled shells, with L and S being the quantum
numbers of total orbital angular momentum and total spin, respectively. Thus, Gd3+ ions have a 4 f 7
configuration with vanishing orbital moment L=0 and a pure spin moment J =S = 72 .
Europium in intermetallic compounds is often divalent ([Xe]4 f 76s2 configuration) with a stable
half-filled shell and pure spin moment J = S = 72 identical to Gd
3+ [18, 19]. However, in general the
trivalent configuration is the most stable one in rare-earth ions. The Eu2+ and Eu3+ ([Xe]4 f 6(5d6s)3)
valence states are very close in energy, and under favorable conditions the Eu ions tend towards
the higher valency. This is particularly evident in the series of EuM2Si2 (M = transition metal)
compounds. In fig. 2.1, the valence state of EuM2Si2 for a variety of 3d, 4d and 5d transition metals
is depicted. In addition, the atomic distances between the Eu and transition metal ions M are indicated.
For smaller Eu – M distances and thus smaller unit cell volumes, Eu is trivalent in these materials,
while for larger atomic distances the Eu ions are divalent. Within an intermediate range of atomic
distances — for M being Ir, Pd or Cu — Eu is mixed-valent, i.e. the valence is somewhere between
two and three. The trend of higher valence in smaller unit cell volumes can partly be understood
from the difference in ionic radii between Eu2+ and Eu3+. Eu2+ has a spherically symmetric, half-
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3.251 3.249 3.331
Figure 2.1: Valence state of europium in the EuM2Si2 silicides (M = transition metal). MV = mixed-
valent. The inset numbers denote the Eu – M distances in Å. Note, that EuPt2Si2 crystallizes in
the CaBe2Ge2 structure in contrast to the other compounds, which have a ThCr2Si2 structure [19].
Adapted from [20].
filled 4 f shell and is therefore spatially larger compared to Eu3+ with an anisotropic f configuration.
Chemical pressure therefore tends to stabilize the smaller, trivalent configuration. It is worth noting
that the trivalent 4 f 6 configuration has a nonmagnetic ground state according to Hund’s rules with
L = S = 3 and J = 0. The transition between the divalent and trivalent valence state thus involves
a competition between a magnetic state with huge spin moment and a non-magnetic state. In fact,
the Eu valence in this series results from a delicate interplay between crystallographic parameters,
the extent of the transition metal d orbitals and thus the conduction electron band width, the position
of the Fermi level (i.e. the number of conduction electrons brought by the transition metal into the
system) and the polarization energy of the Eu 4 f shell [20, 21].
This excursion should serve as an example of the complex behavior in rare-earth intermetallics
arising from an instable 4 f shell. Another major class of materials with 4 f instabilities are Ce and
Yb compounds, as indicated in the introduction. We will return to this point in the next section.
The strong spin-orbit coupling in the 4 f shell leads in general to a large separation between the J
multiplets of the ground state and excited states. The paramagnetic behavior (in the high-temperature
non-magnetic phase) in rare-earth intermetallics is therefore characterized by the effective moment
of the localized 4 f electrons given by the Hund’s rules ground state multiplet (compare table 2.1 on
p. 10). In the crystalline electric field (CEF) of the surrounding ligands, the degeneracy of the ground
state multiplet may be lifted. Due to the small extent of the 4 f orbital, the CEF splitting is much
smaller (about a few tens of meV) than the splitting due to spin-orbit coupling (several 100 meV).
For instance, in Yb the J = 52 multiplet lies ∼1.3 eV above the J =
7
2 ground state multiplet, while the
CEF splits the eightfold degenerate ground state into four Kramers doublets over a range of less than
50 meV [22, 23].
As the 4 f orbitals on neighboring sites do not overlap, magnetic interactions between the local
moments can only be mediated indirectly via a polarization of the conduction electrons. This type
of mediated exchange interaction is termed RKKY coupling after Ruderman and Kittel, who first
formulated an indirect exchange coupling of nuclear spins via hyperfine interaction, and Kasuya and
Yosida, who extended the model to indirect exchange between localized moments in d or f shells
[24–26]. Scattering off the magnetic ions induces Friedel oscillations in the conduction spin density,
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(sin x − x cos x) (2.1)
between the local moments with x = 2kFr4 f , where kF denotes the Fermi wave vector and r4 f the
distance between the moments. Depending on the details of the crystal and band structures, the
exchange coupling between neighboring moments may be ferromagnetic or antiferromagnetic. This
mechanism may lead to complex magnetic order with commensurate or incommensurate propagation
vectors in rare-earth intermetallics.
2.2 Heavy fermions and Kondo lattices
Heavy-fermion materials describe a class of strongly correlated intermetallic compounds, usually
containing rare-earth or actinide elements, which are characterized by a massively enhanced density
of states at the Fermi level compared to a conventional metal.2 Their properties can in general be
described with the formation of a Landau Fermi liquid, where the emerging quasiparticles have huge
effective masses m∗ exceeding the bare electron mass by two or three orders of magnitude, which
are therefore termed heavy fermions. The underlying mechanisms are closely related to the so-called
Kondo effect.
The Kondo effect refers to a minimum in the temperature dependence of the electrical resistiv-
ity in noble and other metals, which has been observed since the 1930s [30] and which could later
on be attributed to the presence of magnetic impurities [31, 32]. In 1964, Jun Kondo successfully
calculated the resistivity minimum within second order Born approximation to an s–d interaction
model, which yields a logarithmic increase of the resistivity with decreasing temperature due to con-
duction electron scattering off the local impurity moments [33]. The minimum in resistivity requires
an antiferromagnetic exchange coupling, which leads to a continuously increasing screening of the
local moments by the spins of the conduction electrons over a characteristic temperature scale, the
Kondo temperature TK. This spin-flip scattering eventually results in the formation of composite
bound states, so-called Kondo singlets, which give rise to a narrow resonance at the Fermi level in
the conduction electron density of the states, the Abrikosov-Suhl or Kondo resonance [34, 35]. The
characteristic Kondo temperature TK is a measure of the energy difference between the Kondo sin-
glet and triplet states. Hereby, TK roughly discriminates between a high-temperature weak coupling
regime (T  TK) and a low-temperature strong coupling regime (T  TK). In the temperature range
of weak coupling, the local moments (which we in this context denote with f ) and the conduction
electrons (c) are only weakly hybridized and the f electrons act as independent paramagnetic local
moments. In this regime, the f –c exchange coupling J can be treated perturbatively. In the strong
coupling regime below TK, J is too large to be treated as a perturbation and the local moments and
conduction electrons form tightly bound composite Kondo singlets.
If the magnetic scatterers form a dense lattice of local moments, a so-called Kondo lattice, the scat-
tering at each site gains coherence and the resistivity suddenly starts to drop with lowered temperature
2 Introductions to the topic and reviews can be found in refs. [27–29].
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after having reached a maximum due to incoherent impurity scattering. This process may be under-
stood as a hybridization between the conduction bands and the composite heavy electrons resulting
from local Kondo scattering, which leads to the formation of weakly dispersive, heavy quasiparticle
bands close to the Fermi level — the lattice version of the Kondo resonance in the single impurity
case. The strongly renormalized quasiparticles, or heavy fermions, give rise to a strong increase of
the density of states at the Fermi level and slowly propagate through the lattice with huge effective
masses m∗. These effects are reflected for instance in a huge linear specific heat (Sommerfeld) coef-
ficient or susceptibility at low temperature, which in Fermi liquid theory are both proportional to m∗.
The heavy quasiparticle bands can be directly observed by ARPES, where they appear right above the
Fermi level EF in Ce compounds and, due to particle-hole symmetry, right below EF in Yb systems
[36, 37].
In essence, a Kondo lattice contains two contrasting types of electrons: the strongly localized
electrons forming the local moments, which we in the following simply term the f electrons, and the
itinerant conduction electrons. The appropriate theoretical description of heavy-fermion compounds
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In this model, the f electrons, described by the creation and annihilation operators f †iσ and fiσ at sites
i with spins σ and counted by n f ,iσ = f
†
iσ fiσ, are subject to strong on-site Coulomb repulsion U.
3 The
conduction electrons (c†kσ and ckσ) with dispersion εk weakly hybridize with the local f electrons via
the hybridization matrix elements Vik.
In rare-earth systems, the Coulomb parameter U generally separates different f n configurations
by several eV and is the largest energy scale in the system. For the spin 1/2 model above, valence
transitions into doubly occupied states are therefore largely suppressed in the effective low-energy
physics governing most relevant physical properties. An effective Hamiltonian, which describes the
low-energy spectrum of a system, can be obtained from a renormalization group flow (see for in-
stance ref. [27] and references therein), where the high-energy virtual excitations are eliminated and
absorbed into a subset of renormalized effective key parameters. In the limit, where all valence fluc-
tuations are completely frozen out, one obtains the Kondo lattice model, which describes a lattice of
localized spins interacting with a sea of conduction electrons.
Approximate solutions to the infinite-U limit, where valence fluctuations between the f 0 and f 1
configuration are still allowed, can for instance be obtained within the Gutzwiller variational approach
[38] or the mean-field approximation to a slave boson treatment [27, 39]. In the infinite-U limit and
for a fixed occupation n f , the Hamiltonian simplifies to



















3 Here, a lattice of spin-1/2 impurities is assumed. This model in general applies well to the description of Ce (4 f 1) or Yb
(4 f 13) systems, where at sufficiently low temperatures the lowest occupied CEF state is a two-fold degenerate Kramers
doublet. However, multi-orbital extensions to the periodic Anderson model exist.
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where the f -level ε̃ f and effective hybridization Ṽk are renormalized. Here, the f operators have been
Fourier-transformed into momentum space. This effective Hamiltonian can be easily diagonalized
and yields a simple two band dispersion relation
Ek± =
εk + ε̃ f
2
±







for the quasiparticle bands.
Such a dispersion is schematically depicted for the Yb case in fig. 4.1a on p. 71. The figure also
reveals a shift of the quasiparticle Fermi momentum k′F with respect to the non-interacting limit,
which in Ce-based heavy-fermion systems leads to an enlargement of the Fermi surface and in Yb-
based systems to a shrinkage of the electron-like or equivalently to an enlargement of the hole-like
Fermi surface. This change in Fermi surface volume follows from the Fermi surface counting rule,
Luttinger’s theorem, which was generalized by Martin and Oshikawa to the Kondo lattice [40–43].
It states that the Fermi surface volume VFS of the heavy Fermi liquid is given by the sum of the
conduction electrons nc and the hybridized f moments n f :
2VFS
(2π)3
= nc + n f . (2.5)
Notably, numerous theories predict a crossover of the Fermi volume with increasing temperature
from the large Fermi surface in the strong coupling limit, which counts both the conduction electrons
nc and the f electrons n f , to a small Fermi surface at elevated temperature in the weak-coupling limit,
which only counts the conduction electrons nc [27, 39, 44–47]. The large and small Fermi surfaces
are also schematically depicted in fig. 4.1c,d on p. 71. The investigation of this temperature-driven
Fermi surface crossover in YbRh2Si2 will be the main topic in the third part of this thesis in chapter 5.
In section 5.1.1, we discuss this anticipated phenomenon and the involved temperature scales, with
special focus on YbRh2Si2, in more detail.
2.3 RERh2Si2 compounds
The materials investigated in this work all belong to the series of RERh2Si2 compounds (RE = rare
earth). For a classification of these compounds it might therefore be helpful to recall the properties of
all the members of this series. Table 2.1 presents a brief summary of the magnetic properties of the
RERh2Si2 series, with all rare earths from Ce to Yb.
With the exception of Eu, all RE ions throughout the series are purely or at least close to trivalent.
EuRh2Si2 is the only divalent compound, which therefore has one less electron in the conduction
band than its trivalent counterparts. This unique property makes this system particularly useful as
a reference for the large hole-like Fermi surface topology in the absence of strong renormalization
effects. This will be further exemplified in chapter 4.
The valence of the RE ions is reflected in the Hund’s rule ground state multiplet J and the resulting
theoretical paramagnetic moments µtheoeff , which are expected to be observed in the Curie-Weiss regime


































































































































































































































































































































































































































































paramagnetic contributions [55]. Nevertheless, ARPES experiments could show, that the Sm ions
are still close to trivalent in this compound [54]. In all other RERh2Si2 compounds, the predicted
effective moment is in good agreement to the experimental value µexpeff derived from the paramagnetic
Curie-Weiss regime.
All RERh2Si2 order antiferromagnetically below a Néel temperature TN. The table lists only
the highest observed ordering temperature, however for most of the compounds additional magnetic
transitions below TN have been reported. EuRh2Si2 also shows anomalies in bulk susceptibility mea-
surements related to additional complex magnetic phases below TN [58], which are shortly discussed
in section 4.1.1.
With the exception of YbRh2Si2, where the magnetic ordering is still unknown, and CeRh2Si2,
all RERh2Si2 systems form ferromagnetically ordered rare-earth planes, which are stacked antiferro-
magnetically along the crystallographic c-axis. The magnetic coupling between the rare-earth sites
is mediated by the RKKY interaction. The strength of the exchange interaction and thus the Néel
temperature is expected to scale with the de Gennes factor (gJ − 1)2J(J + 1), which is relatively
well fulfilled for the heavier rare earths. Consequently, GdRh2Si2 has the highest Néel temperature
in the series. The temperature-dependent canting in the heavier rare-earth compounds arises from a
competition between different orders of CEF parameters [68–70].
EuRh2Si2 is the only compound, where the AFM stacking is incommensurate. It is further re-
markable, that despite having the exact same magnetic moment of S = 72 as in GdRh2Si2, the Néel
temperature in EuRh2Si2 is smaller by a factor of four compared to the Gd compound. Possible
explanations for the anomalous behavior of EuRh2Si2 will be discussed in section 3.2.5.
The most intriguing compound within the RERh2Si2 series is the intensively studied heavy-fermion
YbRh2Si2 (cf. the Sommerfeld coefficient in table 2.1), which shows antiferromagnetism and super-
conductivity at exceptionally low temperatures as well as non-Fermi liquid behaviour due to the
closeness to a quantum-critical point. We will review the physical properties of this material in detail
in the subsequent chapters.
To understand, why YbRh2Si2 is a heavy-fermion compound, while CeRh2Si2 is not, it is helpful to
realize another important concept inherent to Kondo lattice formation. As proposed by Doniach [71],
the competition between the RKKY exchange and the Kondo effect, which both rely on the exchange
interaction between the conduction electrons and the localized moments, determines, which ground
state is eventually realized in the system. This can be qualitatively understood from a comparison
of the involved temperature scales4 TRKKY ∼ J2ρ(EF) and TK ∼ e−1/|Jρ(EF)| as a function of the
hybridization strength or exchange coupling J between the local moments and the conduction band
(ρ (EF) denotes the conduction-electron density of states at the Fermi level). Visualization of the two
functions, usually referred to as the Doniach phase diagram, reveals a transition at some critical value
Jc, as depicted in fig. 2.2a: for sufficiently small coupling J the RKKY interaction dominates and
suppresses the Kondo screening, leading to an antiferromagnetically ordered ground state, whereas in
the case of strong coupling J > Jc the quenching of local moments through the Kondo interaction gets
energetically favourable resulting in a paramagnetic heavy Fermi liquid ground state. As the energy
4 TK refers to the singe-impurity Kondo temperature, which is generally not identical with T ∗K, the corresponding energy
scale in the Kondo lattice. However, for qualitative considerations one may in the following assume T ∗K ' TK.
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Figure 2.2: (a) Doniach phase diagram, describing qualitatively the development of the ordered and
paramagnetic Landau Fermi liquid (LFL) phases around an antiferromagnetic QCP as a function of
the exchange parameter |J|. Above the QCP, a region with non-Fermi-liquid (NFL) behavior evolves.
(b) Phenomenological schematic phase diagram in the vicinity of a QCP. The qualitative locations of
YbCo2Si2 and YbRh2Si2 within the phase diagram are indicated. Adapted from [72] and [73].
scales intersect, TN goes asymptotically to zero and converges to a quantum-critical point (QCP). At
a QCP, the instability between two different phases arises solely from quantum fluctuations and the
phase transition can be driven by a small change of some non-thermal external parameter.
In Ce and Yb compounds, a reduction of the unit cell volume, which can be achieved via hy-
drostatic or positive chemical pressure, drives the 4 f shell towards a higher valence configuration.
Therefore, pressure reinforces a valence instability in trivalent Ce by making the 4 f 0 configuration
energetically more favorable, while it stabilizes the magnetic 4 f 13 configuration in Yb. In terms of
the Doniach phase diagram, pressure thus may drive a Ce system through the QCP, while Yb sys-
tems are pushed away from it into the antiferromagnetic (AFM) phase. Likewise, negative chemical
pressure leads to a stabilization of the lower valence state, i.e. in Ce the magnetic 4 f 1 and in Yb the
non-magnetic 4 f 14 configuration.
YbRh2Si2 can be tuned through the AFM quantum-critical point by negative chemical pressure or
small magnetic fields. The generic phase diagram appropriate for this system, which is depicted in
fig. 2.2b, can be qualitatively understood within the Doniach picture. It has experimentally been ver-
ified, that Ir or Ge doping (which have larger ionic radii than Rh and Si, respectively) or a magnetic
field suppress the Néel temperature to zero and drive the system into a paramagnetic heavy Fermi
liquid [67, 74–76]. While the experimentally derived field-pressure-temperature phase diagram is
actually more complex, the following realization is of importance for the purpose of this work: Hy-
drostatic or positive chemical pressure (e.g. via Co doping) stabilizes the AFM ground state [77, 78].
A complete substitution of Rh with Co thus renders a system far on the magnetic side of the QCP,
where the Kondo effect is largely suppressed and the Fermi surface is small. Thus, YbCo2Si2 can
be used as a reference compound for the small Fermi surface [79], as has been done in the Compton
scattering study presented in chapter 5.
In CeRh2Si2, the Néel temperature can indeed be reduced under hydrostatic pressure, as expected
from the Doniach picture. CeRh2Si2 under ambient pressure thus resides on the AFM side of the
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Doniach phase diagram. However, this material becomes superconductive, before TN reaches the
quantum-critical point point [80].
2.4 Angle-resolved photoemission spectroscopy - principles and theory
During the past few decades, angle-resolved photoemission spectroscopy (ARPES) has evolved to an
indispensable tool in condensed matter research to investigate the electronic structure of crystalline
solids and surfaces. The attractiveness of this method not only arises from its relative straightfor-
wardness for gaining immediate insight into the electronic excitations of a material, but also from
revolutionary improvements in the instrumentation, notably the invention of the hemispherical ana-
lyzer and its combination with a micro-channel plate (MCP) detector. The rapid development has
been mostly driven by the needs of the high-temperature superconductivity community and has led
to huge advancements in resolution and detection efficiency. The recent advent of topological insula-
tors, Weyl semimetals as well as intricate phenomena driven by spin-orbit coupling at crystal surfaces
have opened up new fields of application and actively stimulate the development of high-performance
spin-resolved ARPES [81–83].
By exposing a single crystal sample to a monochromatic photon beam and measuring the kinetic
energy and angular distribution of the electrons emitted due to the photoelectric effect one can deduce
information on the energy and momentum distribution of electronic states inside the sample. In a
single-electron picture, the kinetic energy Ekin of the measured photoelectron and the photon energy
hν are related via energy conservation to the binding energy EB of the electron inside the solid through
Ekin = hν − φ − |EB| (2.6)
where φ denotes the work function, a material-specific potential barrier at the surface. From the ki-
netic energy of the photoelectron, the modulus k = ~−1
√
2meEkin of its vacuum-state wave vector k
can immediately be obtained, which in single-crystalline samples is linked via momentum conser-
vation to its crystal momentum in the initial state in the solid (see below). In the absence of strong
electronic correlations, the momentum-resolved ARPES spectrum thus effectively amounts to a direct
observation of the occupied electronic bands ε(k) in simple crystalline metals.
Hemispherical electron analyzers with MCP/CCD5 camera detectors as widely used in state-of-
the-art ARPES are capable of measuring the highly resolved energy and momentum distribution of
the photoelectrons simultaneously and fast in 2D like snapshots, providing a highly efficient method
for band and Fermi surface mapping. The basic principle of such a setup is schematically depicted
and explained in fig. 2.3a. In this chapter we focus on a more rigorous description of the theoretical
aspects of angle-resolved photoemission spectroscopy to lay a basis for a proper interpretation of the
measured spectra.6
5 charge-coupled device
6 This chapter is in parts adapted from the introduction to ARPES theory in my Diploma thesis [84]. The presented



















Figure 2.3: (a) Schematic ARPES setup using a hemispherical electron analyzer: A beam of
monochromatic photons with energy hν supplied by a discharge lamp, a laser or a synchrotron light
source impinges on a crystal surface. Absorption of the photons in the material leads to emission
of photoelectrons with a specific distribution of kinetic energies Ekin as well as azimuthal and polar
angles (with respect to the crystal normal) ϕ and ϑ, respectively. The bunch of photoelectrons un-
dergoes deceleration and focussing in a lens system and is afterwards deflected and dispersed in an
electrostatic field between the two hemispheres of the analyzer, whereas the polar angular distribu-
tion is preserved. The single photons are multiplied by a micro-channel plate and accelerated to a
phosphorus screen monitored by a CCD camera, which results in a two-dimensional imaging of the
photoemission intensity with simultaneous resolution in energy and emission angle. (b) Schematic
photoemission process in a single-particle picture. Photoelectrons with binding energy EB excited into
empty electron states have to overcome the work function φ to escape into the vacuum above Evac.
Neglecting momentum dependence and matrix element effects, the photoemission intensity reflects in
first order the occupied density of states N(E) of the sample. Panel (b) reprinted by permission from
Springer Nature, ref. [81].
2.4.1 Theoretical principles
The absorption of a photon hν in the crystal leads to an optical excitation of the initial N-particle state
ΨNi to some final state Ψ
N
f ,κ, where κ = p/~ denotes the momentum of the emitted photoelectron with
Ekin = εκ = ~2κ2/2me. Within first order perturbation theory, the transition probability per unit time
is given by Fermi’s Golden Rule
w f i =
2π
~
∣∣∣∣ 〈ΨNf ,κ∣∣∣∣Hint∣∣∣∣ΨNi 〉∣∣∣∣2δ(ENf − ENi − ~ω) (2.7)
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with the perturbative interaction Hint = e2mec (p · A+ A · p), where the electromagnetic vector potential
A describes the photon field.7 For photon energies in the ultraviolet and soft X-ray regime, the photon
wave length is much larger than the typical length scale of the crystal potential. Therefore, the dipole
approximation ∇ · A = 0 can be employed, which due to p = −i~∇ lets commute the vector potential
with the momentum operator and Hint is simplified to A · p/mec.
By assuming the initial state to be the ground state of the system with ENi ≡ E
N
0 and as the emitted
photoelectron can leave the (N−1)-electron system in any excited state ΨNs,κ, the total photoemission




w f i ∝
∑
s
∣∣∣∣ 〈ΨNs,κ∣∣∣Hint∣∣∣ΨNi 〉∣∣∣∣2δ(Ekin + EN−1s − ENi − hν) . (2.8)
To evaluate the matrix elements in the sum, an important and widely used simplification is used,
the sudden approximation, which assumes that the photoelectron is removed instantaneously without
any interaction with the remaining (N − 1)-electron system. This approximation is valid for photo-
electrons with high kinetic energy, i.e. for electrons, which are fast enough to escape the remaining
(N − 1)-particle system before it can relax. With this assumption, a final state ΨNs,κ may be factorized
into a final state wave function of the (N − 1) system and a one-particle wave function φκs





where the antisymmetric operator A ensures a proper antisymmetrization of the product wave func-
tion, or equivalently in second-quantized form
∣∣∣ΨNs,κ〉 = c†κ |N − 1, s〉 (2.10)
with ENf = Ekin(κ) + E
N−1
s (this energy decomposition has already implicitely been employed in
eq. (2.8)), an eigenstate |N − 1, s〉 of the unperturbed Hamiltonian H0(N − 1) and the operator c
†
κ
creating an asymptotically free photoelectron with wave vector κ.
By writing the interaction operator Hint in terms of creation (c
†
k) and annihilation (ck) operators for












and plugging it together with the expression for the final state in the sudden approximation (2.10) into





2A<k(εκ − hν) . (2.12)
Hereby, the square of the one-electron dipole matrix element |∆κk|2 gives the probability for the tran-
7 The scalar potential φ of the photon field can be eliminated by using an appropriate gauge. The interaction term stems
from minimal coupling of the electromagnetic field by replacing the momentum operator in the unperturbed, nonrela-
tivistic Hamiltonian p −→ p− eA. Finally, the term ∼ A2 can safely be neglected, as it describes two-photon processes.
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sition of an electron from a single particle crystal orbital φki to the final state plane wave φ
κ
f , and





| 〈N − 1, s|ck|N〉|2δ(E + EN−1s − E
N
0 )) . (2.13)
In the presence of strong electron correlations a bunch of excitations s will contribute to the spec-
tral density due to the strong entanglement of electronic states. These can for instance show up
as satellites, broadened line shapes or some incoherent structure in the energy distribution curves
(EDCs). On the other hand, in weakly correlated systems the N-particle wave function can be ap-
proximated by a single Hartree-Fock-like Slater determinant. Then the removal of an electron ck
leaves the system in an eigenstate |N − 1, s0〉 and Ak(E) reduces to δ(E + EN−1s0 − E
N
0 ). In this case
the probed binding energy is simply given by the negative Hartree-Fock energy of the orbital φki ,
EB,k = EN−1s0 − E
N
0 ' −ε(k), which is sometimes termed the Koopmans’ theorem. In other words,
ARPES then can be assumed to probe the single-particle band structure ε(k).




Im Gk(E − i0+) · f (E,T ) (2.14)
with the Fermi-Dirac distribution f (E,T ) and the Green’s function
Gk(E) =
1
E − εk − Σk(E)
. (2.15)
In the time domain, the time-ordered one-electron Green’s function G(t − t′) gives the probability
that an electron added to the system in a Bloch state with wave vector k at time t′ will still be found
in this state after propagation to time t. A Fourier transform translates G(t − t′) into a represen-
tation in momentum and energy. In the Green’s function formalism, many-body processes, espe-
cially electron-electron interactions, can be conveniently incorporated into the complex self-energy





[E − εk − ReΣk(E)]2 + [ImΣk(E)]2
· f (E,T ) . (2.16)
If the self-energy is a sufficiently smooth function of energy and momentum, than the spectral function
is given by Lorentzian line shapes with renormalized poles at εk + ReΣk(E), i.e. at the bare band
energies offset by the real part of the self-energy. The Lorentzian line width is given by ImΣk(E)
and is inversely proportional to the lifetime of the dressed quasiparticles. The quasiparticle mass is
enhanced due to the dressing compared to the bare band mass (m? > m0), and the band width of
the renormalized bands will be smaller than in the non-interacting case. Heavy-fermion compounds
are an extreme example of such a renormalization of the band dispersion and the quasiparticle mass,
where nearly flat, but weakly dispersive bands emerge close to the Fermi level due to hybridization
between a lattice of localized moments and itinerant conduction bands.
8 Interference effects from non-diagonal terms
∑
kk′ , k,k′ in the derivation of eq. (2.12) are neglected, therefore A<kk′ 'A
<
kk≡
A<k . We follow hereby the notation given in ref. [89].
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Starting from eq. (2.7) the discussion so far has been held in the quantum-mechanically correct
one-step model. However, a proper treatment of surface effects and the transition of the photoelectron
to the vacuum would require the usage of reversed low-energy electron diffraction (LEED) wave
functions for the description of the one-electron final state wave function φκf . To simplify the task and
to emphasize the momentum conservation laws especially significant for the interpretation of angle-
resolved photoemission spectra a more heuristic picture of the photoemission process is common, the
three-step model. Despite the fact, that it is a purely phenomenological approach, it leads in most
cases to satisfying results and provides a more intuitive insight into the underlying effects.
In the three-step model, the photoemission process is split into three subsequent steps: 1) optical
excitation in the bulk, 2) transport of the photoelectron to the surface and 3) transmission through the
surface into vacuum. In the following, we will discuss these three steps in more detail.
1) Optical excitation in the bulk. The optical excitation is assumed to take place inside the solid
between two Bloch states. In the UV-ARPES regime (hereafter simply termed the UPS regime for
photon energies ~ω.100 eV) the photon momentum is very small compared to the dimensions of the
Brillouin zone and can be neglected, hence crystal momentum and energy conservation require
k f = ki + G (extended zone scheme) , E f (k f ) = Ei(ki) + ~ω (2.17)
with some reciprocal lattice vector G and the internal wave vectors ki and k f of the initial and final
one-particle state, respectively. The transition is obviously vertical in the reduced zone scheme.
In the three-step model, the one-electron matrix element ∆κk = 〈φκ|Hint|φk〉 in eq. (2.12) trans-
forms into ∆k f ki =
〈
φk f
∣∣∣Hint∣∣∣φki〉. The matrix element modulates the spectral intensity in a variety of
ways depending on orbital symmetry, the energy and polarization of the incoming light and the exper-
imental geometry, while the spectral function contains all the information on the electronic structure
and many-body correlation effects.
2) Transport of the photoelectron to the surface. The photoelectron is highly susceptible to
electron-electron and to a smaller extent to electron-phonon collisions on its path to the surface.
These scattering events result in a continuous background of secondaries, which is usually subtracted
or simply ignored. The scattering probability can be characterized by the inelastic mean free path
λ(E f ) acting as an exponential damping parameter of the photocurrent and representing a measure
for the escape depth of the photoelectrons from the solid. In elemental solids and compounds it is
found to basically obey a universal curve as shown in fig. 2.4 [90]. Measuring with photon energies
of 40∼ 100 eV (UPS) the escape depth of electrons excited from the near-Fermi edge valence bands
exhibits a minimum of 2∼10 Å. This corresponds to a probing depth of just a few atomic monolayers
making UPS a highly surface sensitive method. Therefore, in the interpretation of photoemission
spectra possible surface effects like surface states or core-level shifts have always to be taken into
account. The escape depth and hence the bulk sensitivity increases at higher photon energies but yet
does not exceed ∼ 25 Å in the soft X-ray regime (. 1000 eV). The energy dependence of the photo-
electron mean free path can for instance be quantitatively exploited to distinguish between spectral
signals from different layers in a layered material [91].
3) Transmission through the surface into the vacuum. Upon escaping through the crystal surface
into the vacuum, the excited photoelectron with crystal momentum k (in the extended zone scheme)
18
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Figure 2.4: A data collection of inelastic mean free paths as a function of electron kinetic energy as
measured in elemental solids suggests a universal trend [90].
has to overcome the surface potential barrier ϕ. The kinetic energy of the transmitted electron with




= E f (k) − ϕ (2.18)
where E f (k) is the one-particle final state energy of the photoelectron inside the solid. The transla-
tional symmetry is broken only perpendicular to the surface, leaving the parallel component of the
crystal momentum k f unaffected by the transmission,





ϑ denotes the polar angle between the surface normal and the wave vector κ as depicted in fig. 2.3a.
The direction of k‖, i.e. the azimuthal angle φwith respect to some axis along the surface is determined
by the orientation of the analyzer entrance slit relative to the crystal surface. As in UPS the transitions
are vertical in k-space due to the negligible momentum of the photon, the measured dispersion relation
Ekin(κ‖) can be directly mapped onto the electronic structure in the crystal parallel to the surface.
In contrast to k‖, k⊥ is not conversed upon the transmission through the surface due to the broken
translational symmetry along the surface normal, i.e. it is not a good quantum number, at least not
in the vicinity of the surface. However, by making some a priori assumptions about the final state
dispersion of the photoelectron inside the crystal, k⊥ and thus the dispersion of the electronic states
perpendicular to the surface can in principle be deduced. The simplest approximation is to assume a
nearly-free-electron dispersion for the final Bloch states in the bulk:








− |E0| . (2.20)
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E0 denotes the bottom of the valence band. Note that like E f (k), E0 is referenced to the Fermi level






2me(Ekin cos2 ϑ + V0) (2.21)
where we have introduced the inner potential V0 = |E0|+φ, i.e. the energy of the valence band bottom
referenced to Evac. As the inner potential is not a priori known, it is usually deduced from a match
between the experimental and theoretical dispersion parallel to k⊥ or from the periodicity of the
experimental dispersion E(k⊥).
Such considerations are useful for the determination of the full three-dimensional electronic struc-
ture of a sample via soft X-ray ARPES (see section 4.2.2). However, they are of limited use in UPS,
where the working photon energy range leads to the shortest mean free paths of the excited electrons.
This will be discussed in the following.
Strictly speaking, in a mathematical description of the surface region, the translationally invariant
crystal has to be replaced by a semi-infinite crystal, which retains periodicity only in two dimen-
sions. As a consequence, the reciprocal three-dimensional space gets collapsed along k⊥ onto a
two-dimensional k‖-plane, which includes backfolding of the band structure from the bulk Brillouin
zone (BZ) into the two-dimensional surface BZ resulting in a projected band structure. Neverthe-
less, for sufficiently high-dimensional systems methods have been developed to determine the full
3D dispersion E(k) deeper in the bulk, one of which has been demonstrated above. As a matter of
fact, the unperturbed bulk electronic states are often found already within one lattice constant from
the surface. However, these methods require at least the knowledge of the surface potential barrier ϕ
and some information on the final one-electron states (see e.g. ref. [85], ch. 7). In low-dimensional
systems such as layered structures one can take advantage of negligible k⊥-dispersion, where Ei(k‖)
already determines the full electronic dispersion.
The emergence of a projected bulk band structure may be understood from a simple qualitative
argument. As photoelectron spectroscopy in the UPS regime probes only crystal states within a
few atomic layers beneath the sample surface due to the limited photoelectron escape depth, the
spatial uncertainty ∆⊥ perpendicular to the surface is finite. According to the Heisenberg uncertainty
principle, the wave vector component k⊥ of the crystal state perpendicular to the surface must remain
undetermined up to an uncertainty of ∆k⊥ ∼ 1/∆⊥. From fig. 2.4 the escape depth at 50 eV, a typical
photon energy used for the presented work, may be estimated to be of the order of 4 to 5 Å. Half
of the bulk BZ height9 along k⊥ of a typical compound with ThCr2Si2 structure (with a typical
lattice constant c = 10 Å) studied in this work amounts to 0.31 Å
−1
. This value is comparable to the
uncertainty of 0.2 to 0.25 Å
−1
imposed by the finite escape depth. Thus in the compounds presented
in the subsequent chapters k⊥ remains largely unresolved, when studied by UV-ARPES, and one may
expect spectral weight arising from bulk band structure with non-vanishing k⊥-dispersion to appear
largely as projected band structure in the angle-resolved photoemission spectra.
9 Note that in the bulk, the band structure in the other half of the BZ is determined by ε(k) = ε(−k) due to inversion
symmetry of the crystal and thus does not yield additional information.
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2.4.2 Surface states and surface resonances
Upon the interpretation of UPS data one should keep in mind the high surface sensitivity of this
method. Therefore possible surface effects due to the presence of the surface potential have to be
taken into account (see e.g. [85, ch. 8]). Such effects include surface core-level shifts, i.e. changes
in the energies of localized or atomic-like core states of surface atoms due to the altered potential.
In valence band photoemission surface states (so-called Shockley [92] and Tamm [93] states) and
surface resonances can be encountered, which can be substantially shifted in energy with respect to
the bulk electronic structure. The former are quasi-two-dimensional Bloch states trapped between
the surface potential barrier and a bulk energy gap, being spatially confined to the surface region.
In experimental Fermi surface and band maps they often show up as sharp bands within gaps of the
projected bulk band structure, which can be extremely narrow due to the lack of k⊥-dispersion and
broadening effects on the final state of the photoelectron [94]. Surface resonances are near-surface
crystal states, which decay much slower into the bulk (as opposed to surface states) and can therefore
have a non-vanishing overlap with the bulk band structure.
The formation of Shockley surface states can be qualitatively understood from a nearly free-
electron model, where the near-surface potential is approximated by a weak, periodic potential inside
the crystal and a step barrier at a distance z0 from the topmost atomic layer at z=0:10
V(z) =

−V0 + 2Vg cos(gz) , z < z0
0 , z > z0 ,
(2.22)
with the lattice constant a and the (first) reciprocal lattice vector g = 2π/a. This model induces an
energy gap of 2Vg in which conventional bulk Bloch states are forbidden. For Vg>0, the bulk Bloch
states solving the Schrödinger equation at the Brillouin zone boundary k = π/a == g/2, i.e. at the










in the lower band, as
depicted in fig. 2.5a.
In the bulk, only real-valued wave vectors are allowed for the Bloch states, as otherwise the eigen-
states could not be normalized. At the surface, however, a complex-valued wave vector becomes
possible, because the tail of the wave function, which would exponentially diverge with11 eκz for
z> z0 in the absence of the potential barrier, has to be replaced with a matching function, which ex-
ponentially decays into the vacuum. The potential barrier thus enables the existence of an additional






2 z + δ
)
, z < z0
e−qz , z > z0 .
(2.23)
The Shockley surface state is thus a combination of a cosine Bloch wave inside the crystal (z < z0),
which exponentially decays into the bulk with κ∝ sin(−2δ), and a simple decaying exponential in the
10 For a more detailed description, see refs. [95] or [85] (ch. 8) and references therein.



















Figure 2.5: Surface states and surface resonances. (a) Shockley surface states (red solid lines) cal-
culated for two different heights V0 of the potential barrier (blue lines) and step barrier distances z0
from the topmost atomic layer. Hereby, the wave function labeled 2 is a true surface state, whereas
wave function 1 can be viewed as a surface resonance. Black solid lines correspond to the bulk Bloch
waves at the top and and bottom of the bulk band gap of width 2Vg. The positions of the atoms are
represented by black dots. (b) Schematic representation of Tamm and (c) Shockley surface states.
Figure in (a) adapted from ref. [95]. Figures in (b) and (c) reproduced from ref. [85], p. 512.
vacuum (z>z0) with q=
√
−2meE/~. This is schematically illustrated in fig. 2.5c, where the decaying
Shockley state is contrasted with a bulk Bloch wave propagating infinitely into the bulk. The phase
shift increases from δ=−π/a at the bottom of the band gap to δ= 0 with increasing energy E of the
surface state. The damping of the Shockley state is therefore largest in the middle of the band gap
and small close to the gap edges. The slowly decaying surface states near the gap edges, which may
even energetically overlap with bulk Bloch waves, are therefore often termed surface resonances.
Tamm has proposed the existence of surface states prior to Shockley in 1932 and started for his
derivation from a Kronig-Penney model, which is suitable for a tight-binding description of the elec-
tronic bands. In this picture, the Bloch waves are derived from atomic-like orbitals. At the surface,
the bonds between neighboring atoms are broken and the remaining lobes of the orbitals are directed
as dangling bonds towards the vacuum. These states experience a weaker crystal potential than the
corresponding bulk states, which leads to an off-splitting of the surface states from the bulk bands.
This is schematically illustrated in fig. 2.5b.
The Tamm picture is particularly suitable for the description of surface states, which split off from
narrow d- and f -valence band states due to a change in potential at the surface. In contrast, the
Shockley picture is usually applied to sp band states, which are trapped at the surface between a bulk
band gap and the surface potential barrier and owe their existence to the qualitative change of the
boundary conditions. In fact, both pictures describe the same physical phenomenon of Bloch waves
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bound to the surface, and the differentiation is only of conceptual nature.
2.5 X-ray magnetic linear dichroism
Dichroism describes an optical effect in certain materials, which appear in different colors depending
on the relative orientation between the incidence angle and polarization of the light and the symmetry
axes of the irradiated object.12 The term is also used for effects, which can be observed in the X-
ray regime due to a difference in absorption between right- and left-circularly-polarized light (X-ray
magnetic circular dichroism, abbreviated as XMCD) or between different polarization orientations of
linearly-polarized light with respect to some quantization axis in the sample (X-ray magnetic linear
dichroism or shorty XMLD). Both methods are variants of near edge X-ray absorption fine structure
spectroscopy, which may be utilized to study the magnetic structure of a material in element- and site-
specific ways. A linear dichroic effect for the M4,5 (3d → 4 f ) absorption edge in rare earth materials
with collinear magnetic order was first predicted by Thole et al. in 1985 [99] and experimentally con-
firmed one year later by van der Laan et al. in the rare-earth system terbium iron garnet (Tb3Fe5O12)
[100].
In general, X-ray linear dichroism can only occur, if the spherical or cubic symmetry of the orbitals
involved in the photoexcitation process is broken as for instance by chemical bonds, a crystal-electric
field or the presence of magnetic ordering combined with spin-orbit interaction.13 In the latter case,
which is referred to as X-ray magnetic linear dichroism, the orientation of the spins along a quan-
tization axis can lead to a distortion of the electronic charge distribution due to a coupling between
the spin and the orbital momentum. In other words, the spin ordering is indirectly probed by XMLD
via the induced charge order. This effect is strongly enhanced when the absorption edge exhibits a
pronounced multiplet structure.
The XMLD spectrum is defined as the difference ∆µ=µ‖ − µ⊥ between the absorption spectra for
incident photons with electric field vector E parallel and perpendicular to the magnetization direction
z. Photoexcitation into the anisotropic empty states above the Fermi level with E‖ z or E⊥ z leads to





, the square of the magnetization. This means that XMLD is sensitive to the
orientation of the magnetization axis, but not to the spin direction itself. This property makes XMLD
particularly suitable for the investigation of collinear antiferromagnetic order, which is otherwise
difficult to study due to the compensated spin structure.
In fig. 2.6, we show an example for a strong XMLD effect in a rare-earth material measured by
Chen et al. [96]. In the ferrimagnetic alloy film DyCo3, the Co moments show a strong XMCD signal
(not shown), while the XMLD is very weak due to a small spin-orbit coupling. In contrast, strong
coupling between the Dy 4 f orbital moment and the f spins aligning along the external magnetic
field induces a sizeable XMLD effect, which increases with decreasing temperature. The smaller Dy
moment at higher temperature could be explained by a reoccupation of the Zeeman-split 4 f levels
12 For a textbook introduction to the topic, see refs. [97] and [98].
13 More precisely, the occurrence of linear dichroism effects requires an anisotropic symmetry of the space group, not just





















































Figure 2.6: XMLD and X-ray absorption spectra (XAS) of an amorphous DyCo3 alloy film, mea-
sured in a magnetic field of µ0H =2 T applied along the sample (perpendicular to the beam). (a) XAS
and XMLD at Co L2,3 edges at temperatures of 4.4 and 300 K. (b) XAS of the Dy M5 edge taken
with linear horizontally (LH) and linear vertically (LV) polarized X-rays at 4.4 K. The isotropic XAS
(solid curve) of absolute cross section is shown for comparison, which remains the same at different
temperatures.(c) Temperature dependence of the Dy XMLD between 4.4 and 300 K. Figure reprinted
from ref. [96]. Copyright (2015) by the American Physical Society.
due to thermal fluctuations.
In X-ray absorption, the de-excitation process takes place either radiatively, via emission of a
fluorescence photon, or nonradiatively through Auger electron emission, where the latter is clearly
dominant for soft X-rays. Most of the Auger electrons, however, produce an avalanche of secondary
electrons along their path through the material, which can only escape into the vacuum, if they are
close enough to the surface due to their small mean free path. Fluorescence photons on the other
hand have a much larger mean free path and can reach the surface even from layers deeper in the
bulk. The two distinct de-excitation channels can be exploited by measuring the absorption spectra
either in total electron yield or total fluorescence yield mode, which distinguish between absorption
processes occurring predominantly at the surface or, respectively, in the bulk.
2.6 Density functional theory
In section 2.4.1, we have seen that the Bloch spectral function is the essential quantity probed by
ARPES. In the presence of well-defined quasiparticles, the spectral function is reasonably given by a
collection of Lorentzian-like peaks centered at the quasiparticle energies ε̃k =εk + ReΣk(E), where εk
denotes the bare-band one-electron energies shifted by the real part of the self-energy ReΣk(E) due
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to many-body interactions. The quasiparticle spectrum may thus be mapped onto the band structure
of an effective one-particle Hamiltonian.
The most widely and successfully used ab initio method nowadays to obtain an effective one-
electron description of the electronic structure is the solution of the Kohn-Sham equations within
density functional theory (DFT).14 This approach goes beyond the Hartree-Fock method — which
approximates the many-body wave function by a single Slater determinant built from self-consistently
calculated one-particle orbitals, but ignores all electronic correlations — as DFT formally accounts
for both electronic exchange and correlations.
2.6.1 The Hohenberg-Kohn theorems
Formally, density functional theory is a rigorous theory of correlated many-body systems. An inter-

















|ri − r j|
= Te +VNe +Vee (2.24)
where ri and rI refer to the spatial coordinates of the electrons and nuclei, respectively. Te denotes
the kinetic energy of the electrons,VNe contains the Coulomb potential imposed by the nuclei on the
electrons, which acts here as an external potential
∑
i Vext(ri), andVee describes the electron-electron
Coulomb interactions. The movement of the nuclei has been separated from the Hamiltonian by
employing the Born-Oppenheimer approximation.
The mathematical foundation of the DFT is laid by the Hohenberg-Kohn (HK) theorems [102]
proving that
1. for any system of interacting particles described by some Hamiltonian as in eq. (2.24) the
ground state particle density n0(r) determines uniquely (except for a constant) the external
potential Vext(r) and therefore all properties of the system.
2. a universal functional for the energy E[n] for any Vext(r) can be defined. The ground state
energy of the system is given by the global minimum value of E[n] minimized by the exact
ground state density n0(r).
At this stage, the theorems simply prove the possibility of a reformulation of many-body theory in
terms of functionals of a new basic quantity, the ground state density, instead of many-body wave
functions. However, the density and the functionals, notably the energy functional E[n], still remain
unknown, and the theory does not give any prescriptions, how to obtain them. At this point, the
Kohn-Sham ansatz comes in handy, which provides a manageable way to derive ground state density
functionals for real systems within a single-particle approach [103].
14 See e.g. the comprehensive introduction in ref. [101], chapters 6-9. This section is based in parts on the outline on DFT
given in my diploma thesis [84].
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2.6.2 The Kohn-Sham approach
The Kohn-Sham (KS) ansatz replaces the original interacting system in eq. (2.24) with an auxiliary




∇2 + Vσ(r) (2.25)
with some effective local potential Vσ(r) acting on an electron of spin σ at coordinate r. Hereby, the
ground state density naux0 (r) of this fictitious independent-particle system is assumed to be identical
with the ground state density n0(r) of the true interacting system. Following the Hohenberg-Kohn
theorem, the ground state density naux0 = n0 formally gives the same exact ground state energy as the
original interacting system and in principle determines all the properties of the system through the
unique relation between n0 and the external potential Vext(r).
This density is constructed by occupation of the N = N↑ + N↓ orbitals (in an N-electron system,
σ= ↑, ↓ designating spin) with lowest eigenvalues εσi :





























the KS ground state energy functional can be written as





σ(r) + EHartree[n] + Exc[n] . (2.29)
Note, that the kinetic energy implicitely depends on the density, as the orbitals ψσi enter the construc-
tion of the density, which has to be varied to minimize the total energy. The Hartree energy EHartree
describes the classical Coulomb energy of the electron density interacting with itself, and Vext(r)
contains the external potential due to the interaction with the nuclei and other external fields.16 The
exchange-correlation energy Exc[n] contains all remaining many-body effects of the electron system
apart from the classical Hartree Coulomb interaction including contributions from the true electron
kinetic energy 〈T̂ 〉, which are not covered by Ts. If this universal functional were known, then the
exact ground state energy and density of the full many-body system could be found.
The variational principle δEKS/δn(r) = 0 can be reformulated by varying the wave functions
δEKS/δψσ∗i under the orthonormalization constraint of the orbitals ψ
σ
i and leads to the Schrödinger-
15 Throughout the remaining section, we use atomic units ~ = me = e = 4πε0 = 1.
16 In the Born-Oppenheimer approximation, the coordinates of the nuclei act as parameters of the Hamiltonian. If the
coordinates are allowed to change as a consequence of the minimization of the total energy, than the Coulomb energy
between the nuclei EII = 12
∑
i, j ZIZJe2/|RI − RJ |−1 must be considered in the total energy.
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with the eigenvalues εσi and the effective potential






= Vext(r) + VHartree(r) + Vσxc(r) . (2.31)
The KS equations represent a set of coupled single-particle equations, which have to be solved self-
consistently: starting with some initial guess of the electron density nσ1 the input potential VKS[n
σ
1 ] is
constructed, the resulting orbital solutions ψσi define a new output density n
σ
2 which reenters a new
iteration cycle. The process is repeated until self-consistency is achieved.
2.6.3 Exchange-correlation functionals — LSDA and GGA
Up to this point the crucial exchange-correlation functional Exc[n] is still unknown. However, several
approximations have been developed, which in many cases lead to accurate results. The most widely
used among them are the local (spin) density approximation (L(S)DA) and the generalized-gradient
approximations (GGA):
LDA. The most simple and yet highly useful approximation for the exchange-correlation energy
is the local density approximation, in which Exc[n] is considered to be simply an integral in space
over a local energy density εhomxc (n(r)) giving the exchange-correlation energy per electron at each




d3r n(r) εhomxc (n
↑(r), n↓(r)) . (2.32)
The exchange part of εhomxc is analytically computable, whereas the correlation energy can for instance
be calculated with Monte Carlo methods [104, 105]. This functional usually gives satisfying results
for largely delocalized wide-band states in solids with rather slowly varying densities.
GGA. Generalized-gradient approximations refer to a variety of functionals extending the LDA




d3r n(r) εxc(n↑, n↓, |∇n↑|, |∇n↓|, . . . ) . (2.33)
Such functionals usually improve binding lengths by correcting the overbinding tendency in the LDA
and are thus of importance for numerical geometry optimizations.
2.6.4 The LSDA+U approach
Another useful exchange-correlation potential is used in the so-called LSDA+U method [106].17
This approach provides an extension to the LSDA (or likewise the GGA in the GGA+U method),
17 Implementation details of the LSDA+U functional in the FPLO code, which was predominantly used in this thesis, can
be found in ref. [107].
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which introduces a local Coulomb repulsion term U in the spirit of the Hubbard model for a subset
of localized orbitals, while the remaining delocalized electrons are treated within the standard LSDA
(or GGA).
To illustrate without mathematical rigor the essential idea, we follow the schematic, but illustra-
tive outline in ref. [108]. As pointed out above, consider a subset of localized electrons in atomic-like
orbitals, usually d or f electrons in transition metal or rare-earth systems, which experience strong
on-site Coulomb interactions. These strong correlations can be accounted for by an additional energy
term 12 U
∑
i, j nin j with the orbital occupancies ni, where i schematically runs over all quantum num-
bers of the d or f -shell on one site. In this short outline, we neglect the spin component, exchange
and non-sphericity. Then, the corrections to the LDA energy functional ELDA read as









UN(N − 1) . (2.34)
The last term gives a neccessary double-counting correction, as the “bare” ELDA already contains a
contribution from exchange and correlation of the localized electrons. The orbital energies can be











This equation produces a lower (occupied) and upper (unoccupied) Hubbard band separated by the
Coulomb parameter U, which correctly describes Mott-Hubbard insulators and, with regard to photo-
emission, qualitatively reproduces the true electron removal and addition spectra of strongly corre-
lated localized orbitals. Although the presented sketch already contains the essence of the approach,
the correct LSDA+U functional is more involved and accounts for the orbital dependence of the
Coulomb and exchange interactions.
We also want to point out, that the double-counting term as presented above is usually denoted
as atomic limit [109]. Unfortunately, there is no definite prescription for the choice of the double
counting correction, and so there exists another flavour of the double-counting term referred to as
the around mean-field approach [106], which might be more appropriate in cases of nearly uniform
occupancy.
There exist a large variety of alternative functionals, especially common in chemistry, like non-
local density formulations, functionals correcting the self-interaction (SIC) error usually present in
LDA or orbital-dependent functionals incorporating Hartree-Fock like “exact exchange” and mixtures
of orbital-dependent and explicit density functionals (hybrid functionals). In this thesis, only LDA,
GGA and GGA+U type functionals were used.
2.6.5 The meaning of the Kohn-Sham eigenvalues
Itt shall be noted, that the KS eigenvalues and eigenstates have by construction no physical meaning.
The KS eigenstates simply serve the formation of the desired ground state density by the prescription
in eq. (2.26), and the KS eigenvalues are in general not identical with electron removal and addi-
tion energies of the interacting system. Nevertheless, empirically the KS bands often are in good
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agreement with angle-resolved photoemission results, especially in wide-band materials like simple
metals or semiconductors (besides the well-known underestimation of band gaps within LDA), which
can be assumed to be well described by non-interacting particles moving in a mean-field potential.
Obviously, one can empirically expect the KS auxiliary system to be at least similar to the true,
weakly correlated system. As already pointed out in section 2.4.1 in conjunction with Koopmans’
theorem, in a system with non-interacting particles without relaxation upon electron removal, the ex-
citation energy equals the orbital energy in the ground state. Even in strongly correlated systems like
heavy-fermion materials there exists a weakly correlated subsystem of delocalized electrons, usually
forming a wide spd-band, which can at least partially be well described by DFT-LDA/GGA.
One can see from a semi-quantitative argument, that the seemingly accidental resemblence be-
tween the KS band structure and the experimental spectra has indeed a sound basis. We hereby
follow closely the argumentation given in ref. [86]. First, we recall the KS single-particle equations18(
p2
2m







where we have combined the local external and Hartree potentials into Vc(r) = Vext(r) + VHartree(r).
Second, within the self-energy approach as formulated by Hedin [110, 111] the Dyson equation in







d3r′ Σ(r, r′, Ei) fi(r′) = Ei fi(r) (2.37)
with the self-energy operator Σ(r, r′, Ei) and the Coulomb potential due to all charges in the system.
From a comparison of both equations it is evident, that if one can find an exchange-correlation po-
tential Vσxc(r) with expectation values as close as possible to those of the self-energy operator, than
both equations are almost equivalent and one may identify the KS eigenstates ψσi with the quasi-
particle amplitudes fi(r) and the KS energies εσi with the quasiparticle energies Ei, which represent
the single-particle excitation spectrum of the system. However, as the self-energy operator is non-
Hermitian and non-local, the quasiparticle energies will generally be complex with the imaginary
part reflecting the finite lifetime of the excitation and the linewidth of the quasiparticle peak. These
arguments demonstrate that the KS exchange-correlation potential may be viewed as an approxima-
tion to the self-energy. In cases where this approximation is good enough, the KS band structure
reflects the quasiparticle band structure, i.e. the excitation spectrum of the system.
2.6.6 Relativistic DFT
In compounds with large nuclear charge Z, strong spin-orbit interaction will strongly affect the elec-
tronic structure. Although in the materials discussed in this thesis the atomic numbers of the elements
contributing predominantly to the valence band structure, namely Rh and Si, are not particularly
large, spin-orbit coupling (SOC) in the Rh 4d orbitals amounts to a few tens of meV. SOC effects
might be further enhanced by admixture of the rare-earth 5d orbitals to the electronic states. There-
fore, spin-orbit interaction should carefully be included in an accurate modeling of the band structure
18 Compare eqs. (2.30) and (2.31).
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in these materials. A straightforward way to accomplish this is to employ a fully relativistic version
of the Kohn-Sham equations in the framework of density functional theory: the Kohn-Sham-Dirac
equations.19
In the relativistic version of density functional theory, the minimization of the ground state energy









d3r J0(r) = Q
}
(2.38)
with fixed charge Q. In relativistic DFT the four-current density Jµ (in covariant notation) is the
fundamental variable, which replaces the electron density n(r) from ‘standard’ DFT. The second term
on the right side describes the coupling of the four-current to the static external field Aµ(r). The
universal functional H[J] contains the kinetic energy and all internal interactions of the electron field.
Just as in the previous non-relativistic case, it is unfortunately unknown and needs to be suitably
approximated.
The relativistic Kohn-Sham ansatz constructs the four-current density from a set of single-particle













with c the speed of light. The four-component Dirac spinors are given in the standard representation,
in the which the Dirac matrices are (in terms of 2 × 2 blocks)
γ0 = β =
1 00 −1




with σ being the 2 × 2 Pauli spin matrices.
The functional H[J] is written as a decomposition into a so-called Coulomb-Dirac term, which
contains a sum of relativistic single-particle kinetic energies and the electrostatic Hartree energy, and
a remaining functional accounting for exchange and correlation. Variation of the φk and leaving from
the Gordon decomposition of the current only the term





φk Σ φk (2.41)
finally yields the Kohn-Sham-Dirac equations
{
−icα · ∇ + βc2 + V + VH + Vxc + µB βΣ · (H + Hxc)
}
φk = φkεk (2.42)
19 In this section, we follow the notation given in ref. [112], to which we refer for more details. We use natural units
~ = m = ε2 = 1 a.u. with the electron mass m and the electrostatic electron charge ε = e/
√
4πε0. In these units, the
vacuum speed of light is c = 137.035 99 a.u.
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with
α = βγ =
0 σ
σ 0
 and Σ =
σ 00 σ
 (2.43)
being the 4 × 4 velocity and spin matrices, respectively. The first two terms in the Kohn-Sham-Dirac
equation are the relativistic kinetic energy and mass term. V and H denote the external potential and
magnetic field (if present), µB is the Bohr magneton, VH the electrostatic Hartree potential and Vxc
and Hxc the exchange-correlation potential and field.
Details of the implementation of the fully relativistic Kohn-Sham-Dirac equation solver in terms
of four-spinor orbitals in the FPLO code are given in ref. [112].
2.7 Electronic structure calculation - computational methods
The solution of the Kohn-Sham equations is implemented in a large variety of available methods and
codes. They can principally be grouped in three distinct classes: calculation schemes using plane
waves or localized orbitals as basis sets and atomic sphere methods. A very short overview shall be
given to enable a classification of the codes used for electronic structure calculations in this thesis.20
Plane wave basis sets appear to be an especially natural choice for nearly-free-electron-like sys-
tems like simple metals and semiconductors. They are often used in conjuction with smooth pseu-
dopotentials, which replace the bare Coulomb potential of the nucleus with an effective potential of
the core ion in order to circumvent the need to model the rapidly varying parts of the core wave-
functions near the nuclei. To achieve satisfying accuracy in the density representation and energy
calculation usually large sets of plane waves are necessary. This method is appropriate for crystals
with small primitive cells, open structures and can be advantageous for the treatment of surfaces in
slab calculations.21
Localized basis sets usually contain gaussians or numerical atomic-like orbitals. An example for
the latter is the FPLO code to be discussed below in this section. Only a small number of basis states
(especially much smaller than in plane wave methods), which are adapted to the specific system, are
needed, making these schemes highly efficient. The methods can be applied to arbitrary systems.
They prove to be especially efficient for complicated systems and large unit cells.
The atomic sphere or augmentation methods use a combined description of the basis states. In
the interstitial region between the atoms the states are represented by appropriate, smoothly varying
functions (e.g. plane waves), whereas the rapidly varying contributions within the core regions are
described in terms of products of spherical harmonics and radial functions. Most often a muffin-tin
potential - a decomposition into intra-atomic isotropic spheres and constant interstitial regions - is
applied. The solution becomes challenging due to the requirement of matching the functions at the
sphere boundaries and the resulting non-linear equations involving energy-dependent basis states.
20 An extensive review of common techniques is given in the monograph of Martin [101, part IV]. A short summary
of established codes can be found in the diploma thesis of M. Höppner [113, sec. 2.1.3]. This section has partly been
adapted from my Diploma thesis [84].
21 Slab calculations use large supercells with several atomic layers to mimic some extended bulk region, which is limited
on both sides by an empty ‘vacuum’ space. Despite the preserved periodicity of the supercell such a calculation can
simulate the electronic structure of surfaces.
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Linearization methods, using appropriate basis functions formed by linear combinations of radial
functions and their energy derivatives evaluated at some fixed energy, remedy this disadvantage and
allow to extend the scheme to full potential calculations. Linearized muffin-tin orbital (LMTO) and
linearized augmented plane wave (LAPW) methods are prominent and widely used examples. Their
full potential versions range among the most accurate methods available.
The main method used for the electronic structure calculations within this thesis is the FPLO
scheme, which shall be outlined briefly.
2.7.1 FPLO code
The full-potential local-orbital (FPLO) band structure scheme [114] uses a linear combination of
overlapping nonorthogonal local basis orbitals for the construction of the extended KS wave func-
tions. The crystal potential is represented as lattice sum of localized overlapping contributions, which
allow for both nonsphericity in the atomic volume and a nontrivial shape in the interstitial regions.
The method is an all-electron scheme, which treats core and valence electrons on an equal footing.
However, a suitable separation between core and valence electrons allows to express the eigenvalue
problem in terms of a minimum valence orbital basis set, which makes the calculations fast and effi-
cient.
The atomic-like basis orbitals centered at sites s in the unit cell at Bravais lattice vector R are
expressed in terms of real spherical harmonics YL,
〈r|RsL〉 = φls(|r − R − s|)YL(r − R − s) , (2.44)
and are chosen to be solutions of the spherically averaged crystal potential around R − s modified
by a confining potential vconf = (r/r0)4. The latter serves to compress the basis valence orbitals,
which enlarges the energy spacings and effectively reduces the number of required orbitals for the
construction of extended valence states. Furthermore it reduces the number of three-center integrals
arising from the Hamiltonian matrix elements (see below) to be calculated. The subscript L is a




vs,L(|r − R − s|)YL(r − R − s) (2.45)
enabling a full potential description with preserved anisotropic crystal field contributions. The crystal






taking inherently care of the translational symmetry of the crystal. Inserting this ansatz into the KS
equations
H |kn〉 = εkn |kn〉 (2.47)
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∣∣∣H ∣∣∣RsL〉 − 〈0s′L′∣∣∣RsL〉 εkn} cknLseik(R+s−s′) = 0 . (2.48)
The dimension of this matrix equation and therefore the computational time can be markedly reduced
by using an appropriate algebraic transformation, which is facilitated by a suitable separation of the
basis orbitals in core and valence states. The core states are naturally defined to be orbitals with neg-
ligible intersite overlap. Further, the resulting electron density and the exchange-correlation potential
are similarly cast into a lattice sum of localized functions using a technique of partitioning of unity.
This enables a consequent local description and avoids computationally expensive transformations
between different numerical representations.
Obviously, the FPLO scheme has characteristics of tight-binding or LCAO (linear combination
of atomic orbitals) calculations, and therefore provides an intuitive, ‘chemical’ interpretation of the
electron bands in terms of atomic-like orbitals. Moreover, it is efficient, and provides due to its full-
potential and all-electron approach accuracy close to FP-LAPW (full potential LAPW) results. For
further theoretical and numerical details, we refer the reader to ref. [114].
2.8 High-resolution Compton scattering
2.8.1 Introduction
High-resolution Compton scattering measurements can be used to study electron momentum density
(EMD) distributions in all forms of condensed matter.22 The EMD ρ(p) is a probability density in
momentum space equivalent to its counterpart ρ(r) in real space, and the associated wave function
χ(p) is a Fourier transform of the real space wave function ψ(r).
The Compton effect arises from a ‘billiard ball collision’ between a photon and an electron. As-
suming the scattering electron is at rest before the collision, the wavelength of the scattered photon
undergoes the well-known Compton shift
∆λ = λc (1 − cos φ) (2.49)
with the Compton wave length λc = hmc . However, the approximation of a stationary target electron
ignores the actual quantity of interest, the initial electron motion, i.e. the electron dynamics in the
ground state. The nature of the Compton scattering measurement is evident from the kinematics of
an unbound, non-relativistically moving electron with momentum p, which receives a large energy
transfer in the scattering process

















22 The majority of the presentation follows the description in ref. [115].
33
where E1 and E2 denote the initial and final energy, respectively, of the electron, k1/2 are the photon
momenta before and after scattering, and the momentum transfer k1 − k2 = q indicates the scattering
vector (see fig. 2.7). In the second line, the first term corresponds to the classical fixed shift for
scattering by an electron at rest. The second term is a Doppler shift due to the electron motion
depending upon the component of the electron momentum along the scattering direction.
2.8.2 Dynamic structure factor
The actual quantity measured in an inelastic X-ray scattering experiment as Compton scattering is the
double differential scattering cross-section (DDSCS) d2σ/dΩ dω2, i.e. the detected beam of scattered
photons in a solid angle element dΩ (thus fixing the scattering vector q) energy-analyzed with a res-
olution dω2. Within the limits of non-relativistic lowest-order perturbation theory and by neglecting






| 〈F|Hint |I〉 |2 × δ(EF − EI − ~ω) (2.51)
factorizes into the Thomson scattering cross-section (dσ/dΩ)Th (a constant term for given wave vec-
tor and polarization of the incoming and scattered photons describing the elastic scattering limit) and









S (q, ω) ∝ S (q, ω) . (2.52)
The dynamic structure factor S (q, ω) describes the dynamic behavior of the scattering electron sys-












A(r j) · pj (2.53)
with sums over the electrons, where p is the momentum operator of the electrons and A is the vector
potential operator of the electromagnetic field. The second term, which gives rise to intermediate
absorption of photons, only becomes dominant close to a resonance ~ω1 ≈ EN − EI (resonant Raman
scattering).24 It has therefore been omitted in the derivation of eq. (2.52), as we can safely assume to
be far enough from a resonance in the Compton limit of inelastic scattering. Further, the coupling of
the electromagnetic field to the magnetic moments has been neglected.25
With these approximations, the dynamic structure factor can be written in the form






eiq·r j |I〉 |2 × δ(EF − EI − ~ω) , (2.54)
23 |I〉 and |F〉 denote the initial and final states of the scattering electron system with corresponding energies EI and EF ,
respectively, while ~ω is the energy transferred from the scattered photon to the system.
24 Here, ~ω1 denotes the energy of the absorbed photon, EI is the energy of the initial state |I〉 of the electron system, and
EN is the energy of an intermediate state |N〉.
25 For corresponding extensions of the theory to magnetic scattering, we refer to chapter 2 in ref. [115].
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where eiq·r j denotes the phase shift of the scattered photon plane waves upon momentum transfer q.
This equation can be cast into a form, which gives a clear physical picture of plane waves scattering
off a multiple-particle system with a certain momentum and energy transfer:






e−iq·ri(0) eiq·r j(t) |I〉 . (2.55)
If the characteristic length of the scattering system (i.e. the mean interparticle distance |ri − r j|)
is comparable to 2π/q, and if the frequency ω of the energy transfer is comparable to characteristic
frequencies ωc of the system (binding energies, Fermi energy in metals etc.), than interference of
waves scattered from different particles enters the dynamic structure factor. This domain of energy
and momentum transfer is called the regime of characteristic energy losses and mainly probes the
collective behavior of the scattering system. If, on the other hand, 2π/lc  q (high momentum
transfer) and ω  ωc (high energy transfer), the phases vary so rapidly, that practically all phases for
i, j cancel out and only contributions from a single electron within a short time scale contribute to
the structure factor. In other words, the probing timescale is much smaller than the relaxation time of
the electron system, the waves scattered from different particles do not interfere and we can assume to
probe one particle at different times. This is the regime required for Compton scattering experiments
and is called the Compton regime. As will be shown in the next section, this implies the so-called
impulse approximation.
2.8.3 Impulse approximation
In deriving an expression for the dynamic structure factor S (q, ω) one may divide the Hamiltonian H
of the scattering system in a kinetic part H0 and the potential energy V
H = H0 + V. (2.56)
The following important assumption called the impulse approximation simplifies the calculation sub-
stantially:





Due to this approximation, the potential drops out of the calculation of the dynamic structure factor
(the Hamiltonian enters the matrix element in eq. (2.54) in the Heisenberg picture). This potential
cancellation is valid, when ω is large compared to characteristic energies ωc of the system described
by H thus meeting one of the requirements for the Compton regime. In essence, the impulse approx-
imation considers the scattering process to be so fast, that the potential has no time to rearrange. The
energy transferred to the recoil electron is so large, that it can be considered as free. Finally, the elec-
tron prior to scattering is also considered to be free with free-electron momentum p. The scattering
process in the impulse approximation is sketched in fig. 2.7.
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Figure 2.7: Vector diagram of an inelastic scattering process off an electron in the impulse approx-
imation. The electron hit by the photon is assumed to be free with initial momentum p. The final
electron momentum is pf = p+~q with the scattering vector q = k1−k2. Figure taken from ref. [115].
Within the impulse approximation, one obtains for the dynamic structure factor














The expression in the Kronecker delta comprises the kinematics already described in eq. (2.50), while
1/(2π~)3/2 〈I|p〉 is just the Fourier transform χ(p) of the electron wave function ψ(r). Its squared
modulus yields the electron momentum density (EMD) of the electron:







∣∣∣∣∣∫ ψ(r) exp (−ip · r/~) dr∣∣∣∣∣2 . (2.59)
With the EMD, the dynamical structure factor and thus the DDSCS boil down to
d2σ
dΩ dω2






















Here, the directional Compton profile
J(pq) =
∫ ∫
ρ(px, py, pz = pq) dpx dpy (2.61)
has been introduced, which is the projection of ρ(p) onto the direction of the scattering vector. The







with q = q(ω1, ω2, cos φ).26 (2.62)
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Figure 2.8: Schematic Compton profile plotted against energy loss ~ω and projected electron mo-
mentum pz. As the core electrons are well localized in real space, their momentum density is widely
spread in momentum space. In contrast, delocalized valence electrons in real space lead to a concen-
trated contribution around the Compton shift energy ~2q2/2m in momentum space. The core electron
binding energy EB marks the threshold of the core contribution. Figure taken from ref. [115].
Thus, the quantity effectively measured in Compton scattering experiments is the Compton profile
J(pq), which comprises a projected representation of the EMD, as illustrated in fig. 2.8.
In the case of a many-electron system with non-interacting particles, which can be described by














∣∣∣∣∣∫ ψi(r) exp (−ip · r/~) dr∣∣∣∣∣2 .
(2.63)
Remarkably, the derivation of eqs. (2.60) to (2.62) holds also true in the general case of an inter-
acting many-electron system. In this case, the EMD has to be replaced by the diagonal term of the
one-particle density matrix in momentum space
ρ(p) = Γ1(p|p). (2.64)
For details, see ref. [115], chapter 2.5.
One note on the impulse approximation should be added. It was previously stated, that the poten-
tial in the scattering system described by the Hamiltonian H = H0 +V is neglected. This is, of course,
not totally true. The bonding (or the potential V) of the electrons defines their wave function, which
is a solution of the Schrödinger equation including the potential V . The wave function in turn yields
via its Fourier transform χ(p) the electron momentum density, i.e. the measured quantity. Thus, the



















crystal potential defines the probability to scatter off an electron with momentum p.
The impulse approximation holds particularly well true for weakly bound valence electrons. Cor-
rections to the impulse approximation have been calculated to be of the order (EB/ER)2, where EB is
the binding energy of the initial electron state, and ER is the recoil energy.
2.8.4 Reconstruction of the electron momentum density (EMD) and electron occupa-
tion number density (EOND)
As Compton scattering measures only one-directional Compton profiles, which project planes of the
three-dimensional EMD ρ(p) onto a single direction, an experimental and reconstruction scheme is
needed to be able to derive the 3D or at least 2D EMD. To this end, one may define the reciprocal
form factor27, which is the 3D Fourier transform of the EMD:
B(r) ≡
∫
ρ(p) exp (ip · r/~) d p. (2.65)
If one defines the z-axis to point into the direction of the scattering vector q, integration over px and
py leads to
B(0, 0, z) =
∫
J(pz) exp (izpz/~) dpz . (2.66)
Thus, the one-dimensional Fourier transform of a measured Compton profile along z just gives the
reciprocal Form factor along that direction. Obviously, one needs a reasonable number of directional
Compton profiles along carefully chosen directions, which after 1D Fourier transformation give the
respective reciprocal form factors along the chosen directions. A subsequent interpolation on a fine






B(r) exp (−ip · r/~) dr. (2.67)
This method is called the direct Fourier transform method.
By choosing only Compton profiles, which lie in a single plane, one obtains with this procedure
the projected 2D EMD. This is the technique applied in this thesis.
Now, the relation between the EMD and the electron occupation number density (EOND) in crys-








ip · (r − r′)/~)
) 〈
Ψ†(r, 0) Ψ(r′, 0)
〉
, (2.68)
where 〈 . . . 〉means the thermal average of the N electron system. The field operators can be expanded
27 B(r) can also be written in terms of the real-space wave function:
B(r) =
∫
ψ∗(r′)ψ(r′ + r) dr′ .






ak,b(t) φk,b(r) , (2.69)
where the operator ak,b annihilates an electron with wave vector k in band b. The Bloch waves may




αb(k + G) ei(k+G)·r. (2.70)




nb,b′(k)α∗b(k + G)αb′(k + G) δ(k + G − p/~) (2.71)






If we consider only the ground state at T =0, the thermal average, i.e. the brackets can be omitted. The
non-diagonal elements (b,b′) are due to mixing between different bands caused by electron-electron
interaction. If we consider the Bloch states to describe independent scattering particles, the non-
diagonal elements vanish and the occupation number matrix simplifies to nbb(k) giving the Brillouin
zone k-space occupation for each band b. In metals, nbb(k) reflects the shape of the Fermi surface.
This assumption will be used in what follows.
Obviously, the immediate observation of the (mean) occupation number density nbb(k) is compli-
cated by the plane-wave expansion coefficients αb(k + G). Moreover, the EMD is a ‘quasi-periodic’
function in the sense, that in the momentum space the Fermi surface (if dealing with metals) is re-
peated at each reciprocal lattice vector G, but with different weight |αb(k + G)|2 (the contributions for
G, 0 are called higher-momentum components, the Fermi surfaces centered at G, 0 are called sec-
ondary Fermi surfaces). This can be overcome in the following way. Recall, that the reciprocal form
factor B(r) is the 3D Fourier transform of the EMD ρ(p). Placing (2.71) (for vanishing non-diagonal




nbb(k)α∗b(k + G)αb(k + G) e
i(k+G)·r. (2.73)





This follows directly from the orthogonality of the Bloch waves, where the G-sum of the squared
moduli of the expansion coefficients |αb(k + G)|2 is 1. Finally, the total EOND follows from an
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Figure 2.9: Top: Schematic momentum space density of an uncorrelated, monovalent metal. Mo-
mentum density is accumulated within Fermi spheres centered at each reciprocal lattice vector G.
Dashed hexagonal lines are Brillouin zone boundaries (BZB). The contribution from the first BZ is
depicted in red, higher-momentum components are shown in blue. Center: Valence electron densities
projected onto a single direction p. Note, that contributions for each G are weighted by |αb(k + G)|2.
Bottom: Partial Compton profiles (dashed lines), corresponding to the momentum components in the












with nR being the number of lattice vectors R.
Interestingly, the same result can be obtained from the so-called Lock-Crisp-West (LCW) folding
[116], i.e. the two methods of obtaining the EOND n(k) are equivalent [117]. The LCW folding




ρ(p + G) . (2.76)
n(p) in (2.76) is the same as n(k) in (2.75), but expanded into a repeated zone scheme.
2.9 Experimental details
All UV-ARPES experiments as well as the soft X-ray ARPES and Compton scattering experiments
were performed at standard beamline setups at various synchrotron light sources. The specifications
for the used beamlines are documented in details in the literature and the endstations were operated
without custom modifications. In this section, we therefore only shortly mention the characteristics
of each beamline setup and the employed experimental parameters.
The crystals were grown by Kristin Kliemt (Goethe-Universität Frankfurt), Sylvia Seiro (IFW
Dresden) and Nubia Caroca-Canales (Max Planck Institute for Chemical Physics of Solids, Dres-
den). All single crystals were grown in indium flux using a modified Bridgman technique. Details
on GdRh2Si2 single crystal growth can be found in refs. [55, 59]. The YbRh2Si2 and YbCo2Si2
crystal growth is described in detail in refs. [72, 118, 119], the growth of EuRh2Si2 single crystals is
documented in [21, 58].
2.9.1 Beamlines and endstations
One-cubed ARPES instrument at BESSY II
The One-cubed ARPES endstation is installed at the UE112_PGM-2b-13 beamline at the BESSY II
synchrotron in Berlin, Germany. The undulator beamline is equipped with plane grating and normal
incidence monochromators and is optimized for high photon flux, low photon energies ranging in
the VUV to XUV spectrum from 5 to 250 eV optimal for UV-ARPES, an energy resolution below
1 meV (for photon energies below 100 eV) and a small beam spot size of 100 × 100 µm2 down to
20 × 20 µm2. Both linear and circular polarization of the photons can be chosen. The One-Cubed
ARPES endstation is designed to enable measurements with highest energy resolution at exception-
ally low sample temperatures. It is equipped with a 3He cryomanipulator with three translational and
one rotational degree of freedom (rotation around the vertical axis), which allows for measurements
between 1 and 50 K, and a high-resolution Scienta R4000 electron spectrometer with intrinsic energy
and angular resolutions of ∼1 meV and 0.1◦, respectively. Details of the beamline setup can be found
in ref. [120].
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I05 beamline for ARPES at the Diamond Light Source
The undulator beamline I05 at the Diamond Light Source in Oxfordshire, England is combined with
a collimated plane grating monochromator and serves an intense and highly monochromatic photon
beam with energies between 18 and 240 eV and variable photon polarization (linear and circular). At
the high-resolution (HR) ARPES branch of the beamline, a spot size of 50 × 50 µm2 is achieved, and
the Scienta R4000 electron spectrometer allows for energy resolutions of 5 to 10 meV and angular
resolutions of ∼ 0.1◦ in the core operation range of 18 to 80 eV. Samples can be arbitrarily oriented
with a cryogenic sample goniometer with all six degrees of freedom for translation and rotation. A
Janis ST-402 flow cryostat and a heater near the cold-head of the cryostat allow to vary the sample
temperature between 7 and 350 K. Further details of the beamline and the HR-ARPES endstation are
given in ref. [121].
SIS - X09LA beamline for ARPES at the Swiss Light Source
The Surface/Interface Spectroscopy (SIS) beamline at the Swiss Light Source (SLS) in Villigen,
Switzerland is an undulator beamline, which is combined with a normal incidence and a plane grat-
ing monochromator and is optimized for high flux, high resolution and variable polarization (lin-
ear and circular). The ARPES experiments presented in this work were performed at the former
high-resolution ARPES instrument, which has recently been replaced with the ULTRA (Ultra Low-
Temperature high-Resolution ARPES) endstation. The former endstation was equipped with a Sci-
enta R4000 electron energy analyzer and a goniometric Carving manipulator (SPECS GmbH) with
full six degrees of freedom for rotation and translation of the sample, which enabled measurements
at temperatures down to ∼10 K.
Compton scattering spectroscopy beamline BL08W at SPring-8
The BL08W Compton scattering beamline at the SPring-8 synchrotron radiation facility in Japan is
its only wiggler beamline providing the highest available X-ray energies between 100 and 300 keV.
The beamline serves two endstations, one of which offers a Compton scattering spectrometer opti-
mized for high momentum resolution and detection efficiency for studies of the electronic structure
and Fermiology of metals and compounds. The Cauchois-type X-ray spectrometer comprises a triply
layered Si(620) bent-crystal analyzer for energy-analyzing the scattered photons and an X-ray im-
age intensifier (X-II) system as position-sensitive detector combined with a CCD camera, which are
mounted on a Rowland circle. The high-resolution Compton scattering setup at BL08W operates at
an incident X-ray energy of 115 keV and a scattering angle of 165◦. The X-II detector covers an
energy range of 70 to 90 keV corresponding to a momentum range between −10 and 10 a.u. (a.u. are
atomic units) with an overall momentum resolution of ∼ 0.10 a.u.. Details on the beamline and the
spectrometer can be found in [115, ch. 3.5] and [122, 123].
Soft X-ray ARPES beamline BL23SU at SPring-8
Soft X-ray ARPES experiments were performed at beamline BL23SU at the SPring-8 synchrotron
radiation facility in Japan. This twin-helical undulator beamline serves four endstations, one of which
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is a photoelectron spectroscopy station designed for electronic structure studies of strongly correlated
electron systems, in particular actinide compounds. The light source provides circularly polarized
photons with an energy range of 400 to 1800 eV. The soft X-ray ARPES endstation is equipped with a
Gammadata-Scienta SES-2002 electron analyzer and a closed-cycle He refrigerator for measurements
from room temperature down to 10 K. For more details, see refs. [124, 125].
High-field magnet endstation at the soft X-ray beamline ID32 at the ESRF
The high-field magnet endstation is one of the endstations at the soft X-ray beamline ID32 at the
European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The instrument is optimized
for X-ray magnetic linear and circular dichroism experiments on a multitude of different material
classes and samples. Up to three undulators of APPLE-II type provide circularly and linearly po-
larized photons with energies between 400 and 1600 eV with a resolving power E/∆E of more than
5000. X-ray absorption scans can be taken on-the-fly, i.e. the monochromator and the undulator gap
are synchronously scanned to allow for continuous data acquisition. The endstation is equipped with
a high-field magnet providing two orthogonal magnetic fields of up to 9 T and 4 T, respectively, and a
set of six ultra-high vacuum chambers for comprehensive sample preparation and characterization. A
He4 continuous-flow cryostat enables sample temperatures down to 5 K. The samples can be simul-
taneously measured in total electron yield and total fluorescence yield mode. Further details can be
found in ref. [126].
2.9.2 Experimental parameters
GdRh2Si2
The UV-ARPES experiments on GdRh2Si2 were performed at the Diamond Light Source (I05 beam-
line) and BESSY-II synchrotron (One-cubed ARPES instrument). In both experiments, the overall
energy and angular resolutions were 10 meV and 0.1◦, respectively. High quality single-crystalline
samples of GdRh2Si2 were cleaved in situ in ultra-high vacuum at a base pressure better than
8 × 10−11 mbar. For the experiments on GdRh2Si2, a Si-terminated surface after cleavage was de-
sired. A Si-terminated surface in this class of RERh2Si2 materials can be identified by the presence
of a distinctive Shockley surface state within a gap of the projected bulk band structure around the
M-point of the surface Brillouin zone. Surface regions terminated by a Si layer were therefore sys-
tematically selected by scanning the beam across the sample and searching for this characteristic
Shockley surface state in the vicinity of the M-point in the ARPES maps. In addition, the surface
origin and two-dimensional character of the electron states at the M-point were confirmed by photon-
energy-dependent measurements. The dispersion of the respective electron states proved to show
no dependence on the photon energy, which indicates absence of any dispersion along the direction
in momentum space perpendicular to the sample surface and is a necessary condition for a two-
dimensional surface state. The beam spot size was set to 20 × 80 µm2. The temperature-dependent
measurements were always performed by going from high to low temperatures in order to avoid fast
sample aging. Further experimental parameters will be appropriately given, where necessary.
The XMLD experiments were performed by Kurt Kummer (ESRF, Grenoble) at the soft X-ray
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beamline ID32 at the ESRF as described above. The samples were cleaved in ultra-high vacuum at
140 K in the high-field magnet immediately prior to the measurements. A small field of 100 mT was
applied along the (110) axis of the crystal, which was aligned to the E vector of the incident light
for linear horizontal polarization. The beam spot size at the sample was set to 100 × 20 µm2. The
spectra were taken at the Gd M5 edge and the temperature dependence of the XMLD was measured
by slowly ramping the temperature down to 10 K and back up to 140 K and continuously measuring
the absorption with linear horizontal and linear vertical polarization, simultaneously detecting the
total electron yield and total fluorescence yield from the sample.
EuRh2Si2
The UV-ARPES experiments were carried out at the Swiss Light Source (SIS X09LA instrument).
The overall energy and angular resolutions were set to 10 meV and 0.1◦, respectively. The experi-
mental protocol is comparable to the one used for the UV-ARPES measurements on GdRh2Si2 as
described above. As in GdRh2Si2, Si-terminated regions of the cleaved crystal surface can be iden-
tified by the presence of a bright Shockley surface state in the projected bulk band gap around the
M-point.
Soft X-ray ARPES measurements were conducted by Shin-Ichi Fujimori (Materials Sciences Re-
search Center, Japan Atomic Energy Agency) at the BL23SU beamline at SPring-8. Samples were
cleaved in situ in ultra-high vacuum. The energy resolution was about 100 meV in the utilized energy
range of 650 to 760 eV, and the angular resolution was about 0.15◦. Further experimental parameters
will be given in the presentation of the results.
YbRh2Si2 and YbCo2Si2
High-resolution Compton scattering measurements were conducted in collaboration with Akihisa
Koizumi (University of Hyogo, Japan) at the BL08W beamline at the SPring-8 synchrotron radia-
tion facility. A detailed description of the experimental details will be given in section 5.2.
With this section, we finish our preliminary considerations and continue in the next chapters with the




Two-dimensional electron states in the presence of surface
magnetism
3.1 Introduction
In this and the subsequent chapters, we will discuss the experimental and calculational results ob-
tained within the scope of this thesis on three members of the RERh2Si2 (RE = rare earth) family
of materials: GdRh2Si2, EuRh2Si2 and YbRh2Si2. Our focus will thereby shift from purely surface-
related magnetic phenomena in GdRh2Si2 to an inherently bulk-sensitive study of the Fermi sur-
face (FS) in the prototypical Kondo lattice YbRh2Si2 (see Chapter 5). The divalent antiferromagnet
EuRh2Si2 combines remarkable properties from both of these seemingly distant worlds. While it
hosts extraordinary surface magnetism [57, 70], its divalence – a unique property across the homo-
logue RERh2Si2 series – offers the valuable opportunity to gauge the FS volume of YbRh2Si2 in its
paramagnetic (PM) Kondo regime and to estimate possible implications for the scarcely investigated
antiferromagnetic (AFM) phase in this compound (Chapter 4). The work presented in Chapter 4
focusses on the FS of EuRh2Si2 specific to the bulk. However, the study on GdRh2Si2 discussed
in the present chapter builds upon the insights gained for EuRh2Si2 on the electronic structure and
magnetism at the surface. We begin with a study of the magnetic properties at the Si-terminated sur-
face of GdRh2Si2 by means of ARPES, X-ray magnetic linear dichroism (XMLD) and ab initio band
structure calculations.
From a general point of view, silicon-terminated surfaces of crystalline solids are intrinsically
part of conventional electronics, but their exploitation in novel materials combining two-dimensional
electron states (2DESs) and magnetism – two properties which play an important role in the develop-
ment of next-generation electronics – still remains elusive. The emergence of 2DESs at surfaces or
interfaces and their interplay with magnetic degrees of freedom may open an avenue for new physics
in silicon-based technologies for future devices [127, 128]. One of the strongest sources of natural
magnetism is elemental Gd, which contains a half-filled 4 f shell [129]. The 8S 7/2 ground state of the
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Figure 3.1: (a) Tetragonal ThCr2Si2-type crystal structure of GdRh2Si2. Red arrows indicate the
Gd 4 f moments aligned along the [110] direction in the basal plane. (b) Si-terminated surface. The
Si-Rh-Si blocks separate antiferromagnetically stacked Gd layers. The in-plane ordering of the Gd
4 f moments is ferromagnetic [59, 131].
trivalent Gd3+ ion has a large pure spin moment J = S = 7/2 with vanishing orbital moment L = 0.
Thus, in crystalline solids Gd will be insensitive to crystal-electric field effects, which may strongly
affect the magnetic properties of materials [130, 131]. Gd intermetallics are therefore ideally suited
to study the influence of large magnetic moments on the electronic states at a crystal surface in the
absence of crystal fields and spin-orbit coupling (SOC) in the 4 f shell.
In this chapter, we first consider the Gd compound GdRh2Si2. As all RERh2Si2 systems, it crys-
tallizes in the tetragonal body-centered ThCr2Si2 structure belonging to space group I4/mmm and
orders antiferromagnetically below the Néel temperature TN = 107 K [52, 59, 60, 65]. The Gd 4 f
moments are oriented along the [110]-axis in the basal plane and form ferromagnetically ordered
planes, which stack antiferromagnetically along the c-axis with a propagation vector Q = (0, 0, 1) as
in all other RERh2Si2 compounds with stable RE3+ ions (compare table 2.1 on p. 10). The ThCr2Si2
structure and the magnetic order in GdRh2Si2 are illustrated in fig. 3.1. The effective magnetic mo-
ment amounts to µeff = 8.28 µB, which is slightly larger than the expected value for free Gd3+ ions
(7.94 µB), presumably due to partial polarization of the Gd 5d electrons induced by 4 f –5d exchange
interaction [131, 132]. No measurable polarization has been found on the Rh sites by X-ray magnetic
circular dichroism [131]. The Sommerfeld coefficient γ ≈ 4 mJ mol−1 K−2 of the electronic specific
heat precludes mass renormalization effects as in heavy-fermion or mixed-valent compounds [59]. For
comparison, the divalent Eu ions in EuRh2Si2 have an identical 8S 7/2 configuration as GdRh2Si2, but
as EuRh2Si2 is at the brink of mixed-valent behaviour, its γ is weakly enhanced with 25 mJ mol−1 K−2
[21].
The Gd planes are well separated from each other by Si-Rh-Si trilayers. As in other RERh2Si2
(RE = Yb, Eu) crystals [22, 133], the chemical bonds within the trilayers are much stronger than
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those between the Si and Gd plane. Density functional theory (DFT) calculations using EuRh2Si2 su-
percells, which were increasingly stretched along the c-axis and allowed to relax their layer distances,
showed that the structure preferably breaks apart between a Eu and a Si plane [133]. In YbRh2Si2, the
finding of only two of three possible surface terminations is experimentally supported by photoemis-
sion spectroscopy as well as scanning tunneling microscopy [22, 134]. As most of the differences
in the physical properties among the RERh2Si2 series arise from the 4 f orbitals of the rare earths,
which however do not participate in chemical bonding, we therefore conclude that the bonding prop-
erties observed in the aforementioned compounds are transferable to GdRh2Si2. The surface of a
cleaved GdRh2Si2 crystal should thus be terminated either by Si or Gd atoms. Silicon termination is
particularly interesting, since in this case the first magnetically active layer of Gd ions is hidden and
protected by the Si-Rh-Si buffer at the surface. This structural configuration is schematically illus-
trated in fig. 3.1. It arises the question, what happens to the two-dimensional electron states pinned
to the silicon surface, when the 4 f moments of the underlying Gd layer order ferromagnetically.
As we will show below, the Si-terminated surface of GdRh2Si2 hosts two coexisting surface-
related states with remarkable properties. By studying this system with ARPES and band structure
calculations, we find two distinct 2DESs arising from Shockley and Dirac fermions, which reveal
surface- and surface-resonant behavior, respectively. These states are ubiquitous among the whole
RERh2Si2 series and have been similarly found in YbRh2Si2, EuRh2Si2 and HoRh2Si2 [57, 70, 135]
as well as in the isoelectronic compounds YbCo2Si2 and YbIr2Si2 [79, 136]. However, GdRh2Si2
stands out from these materials due to the highest Néel temperature and a strong spin polarization of
the Dirac-cone state (as will be shown below) in the AFM phase.
As discussed in detail in section 2.4.2, the existence of surface electronic states was theoretically
predicted by Tamm [93] and later on by Shockley [92]. Such states could indeed been observed 40
years later on the (111) surface of noble metals in ARPES measurements [137, 138]. Shockley surface
states lie exclusively in the projected gap of the bulk band structure and are spatially localized within
a few surface atomic layers, which intrinsically renders them two-dimensional in nature. Surface
resonance states are also quasi-two-dimensional, but in difference to Shockley surface states they may
overlap with the bulk band states and penetrate deeper into the material, while they are characterized
by an enhanced probability density in the near surface region. In fact, surface resonances can even
have notable dispersion perpendicular to the surface [133] and might be considered as a kind of bridge
connecting the properties of the material at the surface and in the bulk.
In this work, we will focus on a linear-dispersive Dirac cone band, which appears at the Γ-point,
and on a parabolic Shockley surface state emerging within a large gap in the projected bulk states
around the M-point at the corner of the surface Brillouin zone (SBZ). Our combined ARPES studies
and band structure calculations revealed that both 2DESs split into two well-defined, spin-polarized
subbands, when the Gd 4 f moments become magnetically ordered. We have investigated the tem-
perature evolution of the momentum-resolved spin splitting and complement our discussion of their
origin with XMLD measurements.
From the results presented in the following sections, we conclude that the two distinct 2DESs
being an intrinsic signature of the Si-terminated surface of GdRh2Si2 exhibit itinerant magnetism at
the surface. Their spin splitting arises from the strong exchange interaction with the ordered Gd 4 f
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moments lying below the Si-Rh-Si buffer. The temperature dependence of the spin splitting can be
straightforwardly explained within the framework of conventional mean-field theory of the Heisen-
berg model. Our results suggest that the ferromagnetic (FM) Si-terminated surface of GdRh2Si2 can
serve as a model substrate to induce non-trivial electronic and magnetic properties into nanostruc-
tures deposited on top which could eventually become interesting for technological applications. We
present a simple example of tuning the electronic properties of the Si-terminated magnetic surface
by depositing alkali metal atoms. As a result, strong energy shifts of the surface states due to the
electron doping effect of the topmost layers as well as an interplay of spin-split bands of the Shockley
state and surface resonances were observed, implying controllable modification of magnetism at the
surface and sub-surface regions of the material. In the recent past, we have demonstrated that the
Dirac fermion states can couple with ultra-heavy quasiparticles in crystalline 4 f -based systems [133]
by coupling to the electronic degree of freedom of 4 f electrons. In this work, we show how the Dirac
fermions can couple to the magnetic degree of freedom of 4 f electrons.
3.2 Results and Discussion
3.2.1 Coexistence of spin-polarized two-dimensional electron states at the Si-terminated
surface
As mentioned in the previous section, in this chapter we focus solely on the Si-terminated surface
of GdRh2Si2. To this end, a clear distinction between ARPES signals from Si- and Gd-terminated
sample surfaces is inevitable. One way to identify the rare-earth termination in RERh2Si2 compounds
is to look for a surface-core level shift of the 4 f n−1 final state component of the photoemission spec-
trum, which is usually of the order of 0.3 to 0.5 eV [133, 139–141]. Another straightforward way
to distinguish different surface terminations is to look for surface states characteristic for a particular
sample surface. Slab band structure calculations28 of EuRh2Si2 [57, 133] and YbCo2Si2 [79] in the
framework of DFT and their comparison to ARPES spectra have proven to be remarkably successful
in identifying and distinguishing the rare earth and silicon surface terminations. We therefore have
chosen a similar approach for the identification of the Si-terminated surface in GdRh2Si2. By calcu-
lating the electronic band structure for Gd- and Si-terminated slab supercells, we were able to identify
characteristic surface states and surface resonances for each termination and to clearly assign them to
observed spectral features in our measured ARPES spectra.
Figure 3.2 shows the combined bulk and surface electronic band structure derived by ab initio
calculations for paramagnetically and antiferromagnetically ordered GdRh2Si2 using the FPLO code
[114]. The computational details are described in appendix A. To separate the surface-related elec-
tronic structure from bulk electron bands, we used a slab of 16 atomic layers which was terminated
by Gd on the one and Si on the other side. This allows us to trace simultaneously bulk-like bands,
projected band gaps and surface-related states for both terminations. The slab supercell used for the
28 A slab supercell is a periodically repeated cell containing a film with a sufficient number of atomic layers to mimic the
bulk and two surfaces surrounded by empty space representing the vacuum. Such slabs are commonly used to investigate
the surface electronic structure in DFT-based band structure calculations. Detailed descriptions of the calculations
performed in this work are given in appendix A.
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Figure 3.2: Fully-relativistically calculated electronic band structure of GdRh2Si2. (a) Combined
projected bulk (brownish-shaded) and surface (coloured) band structure for paramagnetically (left
side) and antiferromagnetically (right side) fixed Gd 4 f configurations. Dark-grey lines correspond
to the full slab band structure. Green (red) bands in the upper panels denote surface-related states
from the Si-(Gd-)terminated sides of the slab. In the lower panels, the spin component along the
magnetization direction [110] of surface-related states on the Si-terminated side is shown in red and
blue representing spin up and down, respectively. (b) Stochiometric asymmetric slab supercell used
for the calculations simulating both surface terminations simultaneously. (c) Enlarged section of the
band structure around the apex of the Dirac cone labeled as 3. (d) k-space path along the SBZ used
for the band structure presented in panel a).
calculations is displayed in fig. 3.2b. In panel (a), surface-related states, i.e. surface states and sur-
face resonances with predominant contribution to the topmost Si-Rh-Si-Gd block at the Si surface are
shown in green, while bands predominantly located in the four-layer block building the Gd-terminated
surface are highlighted in red. The energy of the surface-related states is highly sensitive to charge
transfer due to broken bonds at the surface and to resulting excessive stress between the near-surface
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layers, therefore a relaxation of the complete set of lattice parameters including the surface layer
blocks was necessary to refine quantitatively the surface electronic structure. The lower two panels
of fig. 3.2a show the spin vector projections of the surface-related states for Si-termination onto the





































Figure 3.3: Calculated slab band structure of GdRh2Si2 around the M-point without and with spin-
orbit coupling (SOC). (a) Scalar-relativistic calculation without SOC in the PM and AFM phases. (b)
Fully-relativistic calculation including SOC for AFM GdRh2Si2.
When the crystal is terminated by a silicon layer, pairs of strongly dispersive bands labeled as
1 and 2 appear in the large projected band gap around the M-point (fig. 3.2a). Projected bulk band
gaps can be identified within the brownish-shaded projected bulk band structure29. Remarkably, these
characteristic surface states 1 and 2 are missing at the Gd-terminated surface and may serve as a clear
fingerprint for Si termination. Each pair of these bands shows a non-vanishing spin polarization even
in the PM case, while the spin splitting is strongly increased in the AFM phase. A closer look at
the dispersion of these bands within the M-point gap reveals that the spin up and spin down states
of each pair of bands are degenerate at the M-point, while a gap opens between the pairs. The
gap size is 130 meV in the PM phase and increases to about 220 meV, when the Gd 4 f moments
order antiferromagnetically. A very similar pair of spin-split surface states has been found within the
projected band gap around M in EuRh2Si2 [57], which has an identical 4 f configuration as Gd in
GdRh2Si2. We therefore conclude, that the observed spectral structure inside the M-gap in GdRh2Si2
arises from Shockley surface electron states confined within the topmost few atomic layers of the
Si-terminated crystal, as will be shown in Section 3.2.2.
In the PM phase, the gap at the M-point results from spin-orbit coupling (SOC). This becomes
evident from fig. 3.3, where the fully relativistic calculation as presented in fig. 3.2 is compared to
29 In this chapter, we consider only bulk bands projected over the whole Brillouin zone (BZ) along kz perpendicular to the
surface, in contrast to kz-resolved bulk bands. This is motivated by the photon energy range used for our UV-ARPES
experiments throughout this work, which leads to excited photoelectrons with relatively small mean free paths and
resulting kz-broadening of the probed spectral function. This will be explained in more detail in footnote 31 on p. 54 and
in Chapter 4 on p. 76.
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scalar relativistic calculations [142], which do not include spin-orbit interaction. In the PM case
(fig. 3.3a, left panel), all bands are doubly degenerate and the two branches 1 and 2 of the surface
state touch at the M-point. When AFM order sets in, the degeneracy of the surface bands is lifted
and the spin up and spin down bands shift apart leaving a gap due to Zeeman splitting of about
180 meV at the M-point. In the fully relativistic calculation (fig. 3.3b), where SOC is involved, this
gap is larger by 40 meV, and the splitting of the upper branch 1 reduces slightly to 190–200 meV,
when moving away from the M-point towards X. The spin-orbit coupling strongly mixes spin up
and spin down states in k-points, where bands with opposite spin projections would cross, and opens
up hybridization gaps. This is evident in the PM phase directly at the M-point (fig. 3.2a) or in the
AFM phase slightly away from M, where the spin up and spin down bands from the scalar relativistic
band structure would intersect. These states are not eigenstates of the spin projection operator onto
the quantization axis anymore, i.e. spin is not a good quantum number. Well away from avoided
crossings, the SOC leads to a spin-polarized splitting in the PM phase of the order of 40 meV, which
lifts the degeneracy of the upper and lower branches of the surface state (see fig. 3.2a). This splitting
arises due to the Rashba-Bychkov effect [143–145] and is a consequence of the broken inversion
symmetry along the c-axis at the surface. With an estimated Rashba parameter30 of αR ≈∆E/2kF =
0.03 . . . 0.08 eVÅ with the calculated energy splitting ∆E ∼ 40 meV and the Fermi wave vectors kF
of the Shockley state ranging between 0.23 and 0.65 Å−1 the strength of the Rashba coupling is of
the same order as for the L-gap surface states on Ag(111) and Cu(111) [146]. The spin texture
along the calculated FS contour of the surface state will be discussed below in fig. 3.5. In the AFM
phase, the spin polarization of the bands well away from the avoided crossings is dominated by the
magnetic exchange interaction, the dispersion and spin structure approaches the one of the Zeeman-
split bands in the scalar relativistic calculation without SOC and the bands are approximate eigenstates
of the spin projector onto the magnetization axis. The results shown in fig. 3.3 nicely agree with
tight-binding model calculations in Ref. [70], where the effects on the Shockley surface state by
subsequently “switching” on SOC and exchange magnetic interaction were studied in details. These
studies have also shown, that the orientation of the 4 f moments parallel to the basal plane preserves
the degeneracy of each of the branches 1 and 2 close to the M-point. If the 4 f moments had an out-
of-plane component, the degeneracy would be lifted and the pair of bands of each branch would shift
apart in a Zeeman-like fashion. Accordingly, in the present calculation, the in-basal-plane orientation
of the Gd 4 f moments preserved the degeneracy of branches 1 and 2 almost exactly at the M-point.
We now return to fig. 3.2a. At the silicon surface, another remarkable feature labeled as 3 can be
seen at the Γ-point, which appears as a linear dispersive band. This band is actually split into two
spin-polarized bands with a small splitting of up to 25 meV in the PM and a larger splitting of about
85 meV in the AFM phase. For the AFM case, an enlarged view of the spin-split dispersion close to
the Fermi level is shown in fig. 3.2c. Note, that the apex of the lower majority band barely touches
the Fermi level, while the upper minority band crosses it. The linear-dispersive conical shape points
to effectively massless Dirac fermions and is a consequence of the two-dimensional square symmetry
of the layered crystal structure [133, 147, 148]. Similar linear-dispersive bands have been observed
and studied in the homologous systems EuRh2Si2 [133], YbRh2Si2 [22, 37, 149] and YbCo2Si2 [79].
30 The strength of the Rashba coupling HR =αR (~σ × k) · ẑ is given by the phenomenological Rashba parameter αR [144].
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Figure 3.4: Surface-related electronic structure of antiferromagnetically ordered GdRh2Si2 calcu-
lated with the VASP code. (a) Electronic band structure for an asymmetric slab of AFM ordered
GdRh2Si2. The surface electron bands (defined as orbital weights from the topmost four atomic lay-
ers for each surface termination, respectively) are highlighted in green for the Si- and red for the
Gd-terminated surface. Spin-split electron- and hole-like bands of the Shockley surface state at the
projected band gap around the M-point are marked by 1 and 2, respectively. Twin band 2 evolves into
a surface resonance labeled 2? upon approaching X. The Dirac cone bands at the Γ-point are labeled
as 3. Bulk-like projected bands are shown in gray and labeled as 4, 5 and 6. (b) Spin projection onto
the magnetization axis of the surface-related bands for Si termination. Majority (minority) bands are
shown in red (blue). The spin-polarized 2DESs are labeled according to panel (a).
To verify the theoretical results obtained with the FPLO code, the calculations were additionally
performed for the AFM phase with the projector augmented-wave method [150] using the VASP code
[151, 152]. The results are displayed in fig. 3.4. Calculational details can be found in appendix A. The
obtained electronic structure including the distribution of surface character of the slab-derived bands
is in remarkable agreement with the FPLO results. Although there are subtle differences between the
band positions and band gaps, the spin structures of the Shockley twin bands 1 and 2 and the Dirac
cone bands 3 are well reproduced. In the VASP calculation, fig. 3.4b shows the contribution of the
topmost Si-Rh-Si-Gd block of the Si-terminated surface to the spin vector regardless of the residual
orbital weight of each Kohn-Sham eigenstate in the bulk, i.e. the remaining slab. This procedure




















































Figure 3.5: Theoretical and ARPES-derived Fermi surfaces. The simulated FSs for the (a) PM and (b)
AFM phase were obtained by combining respective projected bulk band structures (yellow-shaded)
with spin-resolved slab calculations (blue-white-red) for Gd- and Si-termination. Only electron states
with predominant contribution to the topmost four-layer at the Si surface are shown along with their
spin polarization (red for majority/spin-up and blue for minority/spin-down states with spin projection
axis along [110]). The labeling of the high-symmetry points of the SBZ is equivalent to fig. 3.2d. (c)
Schematic spin structure of the Shockley surface state at the Fermi level in the PM phase as deduced
from the calculation in panel a). Red (blue) arrows correspond to the spin orientation on the inner
(outer) FS contour. (d) ARPES-derived FS map for antiferromagnetically ordered and Si-terminated
GdRh2Si2 taken at a temperature of 1 K using 45 eV photons. The experiment was performed at
the One-Cubed ARPES station at the BESSY II synchrotron. Γ2 denotes the center of the second
SBZ. Numeric labels correspond to the respective spectral features in the calculation and are further
discussed in the main text.
subsurface layer (the fourth layer at the Si-terminated side), but without predominant orbital weight in
the Si-Rh-Si-Gd surface block. These states therefore might have a weak surface-resonant character.
Such a band can be found in fig. 3.4b around the X-point just below the Fermi level, labeled with 2?.
Due to magnetic exchange coupling to the Gd subsurface layer, this band is also spin polarized. This
surface resonance could indeed be detected in our ARPES measurements, which will be discussed
below. The dense bunch of gray-colored bands labeled 4, 5 and 6 belongs to the projected bulk band
structure and can be similarly identified in the FPLO calculation in fig. 3.2.
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We now turn to the discussion of the theoretical and experimental FS of GdRh2Si2. Figs. 3.5a,b
show the calculated FSs obtained with the FPLO code for both the PM and the AFM phase. Both FSs
were obtained by combining bulk bands projected along the kz-axis31 and the spin-resolved electronic
structure at the Si-terminated surface derived from a slab calculation. Calculational details are de-
scribed in appendix A. An ARPES intensity map in momentum space at the Fermi level representing
the FS of AFM GdRh2Si2 is depicted in fig. 3.5d. The FS extends from the first BZ centered at Γ into
the second BZ around Γ2.
As pointed out above, the approach to combine bulk and slab calculations allows to distinguish
between electronic excitations in the ARPES spectrum originating mainly from the sample surface
or from the bulk. For instance, the calculated bulk band structure, which forms the yellow-shaded
patterns beneath the red- and blue-colored surface bands, is interrupted by black zones with no in-
tensity indicating projected bulk band gaps. In the PM phase, there is only one large gap centered
at the M-point. Inside this gap, a star-shaped state labeled 1 from the slab calculation with strong
surface character can be found at the Si-terminated side, while this state is missing for Gd termina-
tion. This state represents the Shockley surface state in the projected band gap around M discussed
in figs. 3.2 and 3.3. Its wavefunction decays exponentially into the bulk due to the bulk band gap
and is therefore spatially confined to the surface (see fig. 3.7 in Section 3.2.2). It is weakly split in
the PM case resulting in two nested stars and shows a non-trivial spin structure. Note, that the spin
projection axis points in the [110] direction. At certain points, the spin component along the quanti-
zation axis vanishes. This happens for instance along the high-symmetry direction Γ – M indicating
that the spin is oriented perpendicular to the k-vector there. In other parts of the FS contour the spin
has a non-vanishing component along k, but in opposite direction on the outer and inner star. The full
spin structure can be deduced from the p4mm symmetry of the surface and is schematically shown
in fig. 3.5c. To verify and support the deduced spin structure, the spin expectation values along the
[100]- and [010]-directions of the full slab calculation are given in appendix B. The spin at the outer
star appears to rotate counterclockwise, if one follows the FS contour clockwise. At the inner star,
the spin rotates in the opposite direction. The spin precesses three full rotations during one cycle
along the FS contour rotating by 3/2 π in each quadrant of the SBZ around M. Although the locking
of the spin perpendicular to the k-vector in certain k-points agrees with the typical spin texture ex-
pected for the Rashba-Bychkov effect, the full spin structure substantially deviates from the typical
spin-to-k locking and implies an inherently more complex spin-orbit interaction. A lately suggested
k · p model for the Shockley surface state [145], related ARPES and DFT studies on EuIr2Si2 [83]
and recently performed preliminary spin-resolved ARPES experiments on GdRh2Si2 are parts of our
presently ongoing efforts to understand the underlying mechanisms for the complex spin structure in
more detail.
When the system enters the AFM phase (fig. 3.5b), the splitting in momentum between the inner
31 For the chosen photon energy of 45 eV used for the ARPES mapping of the FS, the mean free path of the photoelectrons
is of the order of the height of a unit cell. By means of the Heisenberg uncertainty principle, the momentum-resolved
spectral function probed by ARPES is therefore broadened in kz – the wave vector component perpendicular to the
surface – with a broadening roughly of the order of the BZ height along kz. We thus compare our ARPES results to
a projection of the calculated 3D FS along the kz-axis combined with the 2D FS contours of the surface electronic
structure obtained from slab calculations. An equivalent approach has been applied to the evaluation of the FS of
EuRh2Si2 obtained by UV-ARPES in Chapter 4 (see p. 76 for more details).
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and outer star is significantly enlarged. Moreover, the SOC-induced spin texture observed in the
PM case seems to be replaced by a trivial spin polarization, where all states in the outer star (the
majority band) point in the magnetization direction and all spins of the inner star (the minority band)
are oriented in the opposite direction. Note, that there are no k-points left at the Shockley state,
where the spin polarization along the quantization axis vanishes. However, one observes a week
asymmetry perpendicular to the 4 f orientation, i.e. both stars are slightly shifted against each other
along the [−110] direction. This shift arises from a weak contribution of the Rashba-Bychkov effect
to the band dispersion [70], but the intricate spin structure is largely surpassed by the much stronger
exchange magnetic interaction and the SOC-induced spin precession around the FS contour is broken.
However, in appendix B, a more detailed analysis of the residual spin vector modulation, which is not
well visible in the presentation in fig. 3.5, is given. This analysis shows, that the Rashba-Bychkov
effect leads not only to the weak asymmetry of the spin-split Shockley state, but also to a weak
oscillation of the spin vectors around the polarization direction [110]. Note, that the outer of the
two nested star-shaped contours forming the Shockley state in fig. 3.5b seems to be disconnected and
open along the M – X directions. As can be seen in appendix B, this outer ‘star’ actually forms a
closed contour. In fact, it follows tightly the narrow curvature around M – X of the projected band
gap bordered by the yellow bulk bands in 3.5b. As this state overlaps with the projected bulk states in
the regions close to M – X, it gains some bulk character at these k-points and evolves into a surface
resonance. In the representation in fig. 3.5b only surface states with predominant localization within
the topmost four atomic layers are displayed, while surface resonances might be filtered out.
The AFM transition does not only affect the surface electronic structure, but also the bulk bands
(yellow-shaded projected states in figs. 3.5a,b), where another remarkable feature of the calculated FS
shows up. Note, that the projected FS from the pure bulk calculation is necessarily identical for both
surface terminations. One clearly notices, that the magnetic ordering strongly restructures the bulk
FS. This is evident from the large gaps labeled 2 opening up in the projected bulk bands in the AFM
phase. These gaps split off a narrow FS sheet labeled 3 from the originally large interconnected FS in
the PM phase. A very similar restructuring of the FS can be observed in EuRh2Si2. This compound
will be subject of the next chapter, where this phenomenon will be discussed in greater detail. It will
be shown, that the gap 2 and the fragmentation of the FS are a consequence of the Brillouin zone
folding due to the onset of magnetic order and of the hybridization of the folded FS sheets.
An ARPES-derived Fermi surface map of a Si-terminated GdRh2Si2 crystal in the AFM phase
is depicted in fig. 3.5d. A comparison of the experimental result with the theoretical prediction in
panel (b) shows a nice agreement with the major findings from our calculations discussed above. The
most prominent feature is the bright star-shaped contour labeled 1 in panel (d), which can be identified
to correspond to the Shockley surface state in the band gap around the M-point. As in the calculation,
it resides in a large projected band gap and shows a huge splitting. However, the momentum resolution
in our experiment is not sufficient to detect or rule out a possible asymmetry of the doubly split
surface state due to a weak Rashba-Bychkov contribution as observed in the simulation. One further
notices two banana-shaped, evenly gray-shaded features labeled 3, which frame both Shockley surface
states and are best visible in the second BZ. These features are also visible in the neighboring BZs,
albeit they are much weaker pronounced in the first BZ due to photoemission matrix element effects.
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The smooth shading of the photoemission intensity in the isoenergy map (in contrast to the sharp,
bright contours of the Shockley surface state) is an indicator for projected bulk band structure. These
banana-shaped features look exactly as the respective projected FS sheets labeled 3 in the calculation
in panel (b). Just as in the calculated FS, they are separated from the large gray-shaded structure
around the Γ2-point by a huge gap labeled 2. The large, gray-shaded area labeled 6 corresponds
to the so-called Doughnut sheet, a branch of the bulk FS building a huge hole pocket. Just as the
previously mentioned Dirac cone band around Γ, it appears to be a common property of the band
structure among all homologue RERh2Si2 compounds (RE = rare earth) [79, 83, 135, 153]. In both
the PM and AFM calculations, a corresponding pattern in the projected bulk band structure can be
identified. Finally, the sharp rhomboid features along Γ – X – Γ2 labeled 4 as well as the numerous
tiny gaps in the Doughnut labeled 5 originate from splittings of the projected bulk band structure due
to the BZ folding induced by the AFM ordering of the Gd planes and the associated restructuring
of the FS. This effect can also be seen in the calculated projected band maps in fig. 3.2a on the
right side, where narrow gaps in the projected bulk band structure near the Fermi level and close
to the Γ-point open up upon entering the AFM phase. The rhomboid feature 4 around the X-point
is reproduced in the slab calculation in fig. 3.5b for Gd-termination. It corresponds to a surface
resonance forming a small electron pocket. Note, that although a Si-terminated spot of the crystal
surface was carefully chosen for the ARPES map, a small spectral contribution from Gd-terminated
islands cannot be fully excluded. Therefore the surface-related spectral intensity in fig. 3.5d is in
fact a superposition of contributions from both surface terminations. We will investigate the bulk FS
in more depth in Chapter 4 on the homologue compound EuRh2Si2 and will now further study the
Shockley surface state and the Dirac cone band.
The results of our slab band structure calculations clearly point out the coexistence of two 2DESs
at the Si-terminated surface of GdRh2Si2. Moreover, our calculations suggest that in GdRh2Si2 spin
degeneracy is lifted for both the Shockley and Dirac cone state at the Si-terminated crystal surface
and the spin splitting strongly increases in the AFM phase. In order to verify this prediction and to
study how this phenomenon is related to the magnetic ordering in the system, we explored experi-
mentally the electronic structure at the Si-terminated surface, the band splittings and their temperature
dependence.
3.2.2 Dirac cone and Shockley state: Temperature dependence of the spin splitting
Surface-sensitive ARPES is ideally suited to explore the momentum-dependent electronic structure
of a 2DES trapped at a crystal surface. In fig. 3.6 we present ARPES-derived energy-momentum in-
tensity maps of a Si-terminated GdRh2Si2 surface at two different temperatures in the PM and AFM
phase, respectively, around the Γ- and M-point of the SBZ. The bulk Néel temperature TN ∼ 107 K
marks the onset of in-plane ferromagnetic alignment of the Gd 4 f moments, which stack antifer-
romagnetically along the c-axis [59]. We thus cleaved the crystal at 120 K well above TN . Our
band structure calculations suggest, that Si termination can be easily identified by the presence of
the intense Shockley surface state around the M-point, which is absent for Gd termination. This ex-
pectation has already been verified in homologous compounds like YbRh2Si2, YbCo2Si2, EuRh2Si2
and HoRh2Si2, where a similar Shockley state could be observed [22, 70, 79, 133, 135]. The high-
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Figure 3.6: Spin splitting of the Shockley state and Dirac cone. ARPES data taken with 55 eV
photons from a Si-terminated GdRh2Si2 surface. The band maps were obtained near the M-point
along X – M at (a) 117 K and (b) 19 K and near the Γ-point along Γ – X at (c) 72 K and (d) 19 K. The
energy distribution curves (EDCs) used for the temperature dependence analysis of the exchange-
induced splitting are indicated by white vertical lines. The surface- and bulk-related spectral features
are labeled in accordance to the theoretically derived bands in fig. 3.4. The experiment was performed
at the One-Cubed ARPES instrument at BESSY II.
temperature band map in the PM state showing this surface state is presented in fig. 3.6a. No apparent
splitting of the two branches 1 and 2 can be seen. Upon cooling down the sample, a clearly distin-
guishable splitting of the surface state sets in.
The band dispersion of the Shockley surface state strongly resembles the one obtained in our ab
initio calculations in figs. 3.2a and 3.4 both above and below the Néel temperature. However, the
small splitting in the PM phase arising from the Rashba-Bychkov effect, which has been predicted by
the calculation, cannot be resolved in our experiment. In the calculation, the splitting in momentum
amounts to about 0.013 Å−1, whereas the full-width at half maximum ∆k of the two subbands of the
Shockley state as estimated from our ARPES measurements in the AFM phase is at least 0.03 Å−1
due to combined effects of lifetime broadening and finite instrumental resolution. Likewise, the split-
ting of the lower branch of the Shockley state labeled 2 in both theoretical band structures cannot be
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resolved in fig. 3.6b. In appendix C, we show a band map cut from the FS data presented in fig. 3.5d,
where due to a better quality of the surface cleave the splitting of the lower branch is clearly observ-
able. In fig. 3.6b, the increasing splitting of this branch resulting in the surface resonance labeled
2? can nonetheless be detected and agrees well with the calculation in fig. 3.4, just as the projected
bands 4 and 5. From the remarkable agreement between theory and experiment we conclude, that the
split Shockley state as observed by ARPES in the AFM phase is actually spin-split and spin-polarized
as predicted by theory. An equivalent argument leads us to the conclusion, that the splitting of the
Dirac cone, which sets in well below TN as depicted in figs. 3.6c,d, also results in a strong spin po-
larization. In the magnetically ordered state, the splitting of the Dirac cone is well predicted by our
calculations along with the observation, that the upper (minority) band crosses the Fermi level EF ,
while the lower (majority) band stays below EF (see fig. 3.2). Nevertheless, spin-resolved ARPES is
certainly required to verify experimentally the spin polarization of the Shockley state and the Dirac
cone.
To monitor the emergence of the band splitting of the Shockley state, we chose an EDC at k‖
about 1/3 of the X – M distance near the M-point as indicated by the white vertical line in fig. 3.6b.
With bare eyes, the appearance of the band splitting becomes visible near ∼ 90 K notably below the
Néel temperature. Upon further cooling, the splitting becomes well resolved and its value rapidly
increases, reaching ∼ 160 meV. This splitting is of similar size as the calculated one, which is of the
order of 190–200 meV.
We have similarly followed the spectral structure of the Dirac cone at the Γ-point as a function
of temperature using the EDC at k‖ marked by the vertical line in fig. 3.6d. In this case, the band
splitting becomes apparent only at temperatures below ∼ 70 K. Figure 3.6c shows the spectral pattern
at 72 K without evident band splitting, whereas in fig. 3.6d the splitting is nicely seen at 19 K with
a maximum value of ∼ 70 meV. A detailed analysis of the measured temperature dependence of the
band splitting will be given below.
bulk surface vacuum bulk surface vacuum
Figure 3.7: Electron density distribution (projected on the ac-plane) of the Dirac cone near the Γ-
point (a) and the Shockley state at the M-point (b). Dotted lines show the respective electron density
distributions integrated over the ab-plane.
A deeper understanding of the properties of the discussed 2DESs can be obtained from an analysis
of the orbital composition and the spatial extension of the calculated Kohn-Sham eigenstates. Repre-
sentative electron densities of the Dirac cone near the Γ-point and the Shockley state at the M-point as
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obtained from the VASP calculations are shown in figs. 3.7a,b, respectively. An analysis of the orbital
character of the 2DESs reveals that the Shockley state is built up mainly by Si 3s and 3p (53 %),
Rh 4d (30 %) and Gd 5d (14 %) states. Our calculations suggest that the Shockley state is located
exclusively within the first four atomic layers Si-Rh-Si-Gd and only 3 % of this state penetrate into
the vacuum. The Dirac cone is primarily built by Rh 4d t2g (74 %) orbitals with an admixture of Si
3px,y states (23 %) and a tiny Gd 5d (3 %) contribution. These atomic contributions are reflected in
the electron density distributions integrated over the ab-plane (white dotted lines in fig. 3.7).
The electron density distributions in fig. 3.7 show that the wave function of the Dirac cone, despite
of its 2D character, penetrates deeper into the bulk than the Shockley state, which is stronger confined
to the topmost four layers. In contrast to the Shockley state, the Dirac cone has the character of a sur-
face resonance. Its wave function is resonantly enhanced at the surface but keeps a finite contribution
in the bulk showing therefore notable kz-dispersion. This behaviour has been explored in details for
EuRh2Si2 in Ref. [133]. The amplitude of the Shockley state decays exponentially into the crystal
and the 2D state is well localized within a few atomic layers at the surface. We have verified that with
increasing slab thickness, the orbitals from atoms below the first Gd layer and further in the bulk,
mainly from Rh 4d, contribute to the Dirac cone confirming its resonant nature. Moreover, the band
structures in figs. 3.2a and 3.4 show, that while the Dirac cone splits off from the dense cone-like bulk
band reaching up to −0.2 eV, it overlaps with another projected bulk band. In the FPLO calculation
in fig. 3.2a, the projected bulk band structure is shown as a densely shaded bunch of brownish bands.
Additionally, these bulk bands appear as a bunch of gray lines in both the FPLO (fig. 3.2a) and VASP
(fig. 3.4) slab calculations, while they are more numerous in fig. 3.4 due to the thicker slab. The
interaction of the Dirac cone with the projected bulk bands and thus its penetration into the bulk can
be seen from the small hybridization gaps opening up at the band crossings. However, both 2DESs –
the Dirac cone and the Shockley state – show a spin splitting as a consequence of the exchange cou-
pling to the Gd 4 f moments. One may thus anticipate that the fundamental differences between both
2DESs substantially affect the strength of the exchange interaction with the ordered Gd 4 f moments
near the silicon surface and the temperature evolution of the splitting.
In fig. 3.8, we present the evolution of the spin splitting for both 2DESs as a function of tempera-
ture. The splitting values have been deduced from fits of the EDCs, which have been chosen slightly
away from the Fermi level crossing and in the case of the M-point well away from the SOC-induced
gap (vertical lines in fig. 3.6b,d). A few exemplary EDCs and details about the fitting procedure can
be found in fig. 3.9.
For the Shockley state, the splitting sets in at a temperature of ∼ 90 K and rapidly approaches
towards a saturation value of ∼ 160 meV. At higher temperatures, the detection of the splitting is
limited by the large lifetime broadening of the electronic excitations in energy of ∼ 70 meV (half-
width at half maximum) combined with the instrumental resolution of 13 meV. Therefore, the band
splitting cannot be clearly resolved below ∼50 meV for both the Shockley surface state and the Dirac
cone. For the Shockley state, the monotonous increase of the splitting with decreasing temperature
is interrupted by a “kink” around 60 K highlighted by a dotted circle, which will be discussed further
below. We found that the splitting of the Shockley state is actually anisotropic with values ranging
from 160 meV up to the largest observed value of 185 meV (inset in fig. 3.8) in a direction parallel to
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Figure 3.8: ARPES-derived temperature evolution of the spin splitting for the Shockley state and
Dirac cone. The solid lines represent the results of the fit analysis for both sets of data obtained by
means of the Weiss molecular-field approximation to the Heisenberg model. The inset shows the
largest obtained spin splitting for the Shockley state reaching a value of 185 meV and schematically
illustrates the direction of measurements.
X – M slightly away from the M-point. The experimentally established spin splitting of the Shockley
state is in agreement with the results of our theoretical studies. Interestingly, the averaged spin split-
ting of this state is larger than the one observed for EuRh2Si2 (∼ 150 meV [57]), but not as much as
one would expect from a comparison of the bulk Néel temperatures: TN =107 K in GdRh2Si2, which
is more than four times higher than TN =24.5 K in EuRh2Si2.
To model the temperature evolution of the Shockley state splitting, we fit the data with the magneti-
zation curve well-known from the Weiss molecular-field approximation to the ferromagnetic Heisen-
berg model [154, p. 48ff.]. Within the mean-field theory, the magnetization M(T ) as a function of













with the Brillouin function BJ . Here, we inherently assume, that the exchange interaction H ∝∑
i si ·Bmf between the Gd 4 f moments and the conduction spins si is proportional to the effec-
tive exchange field Bmf and thus to the magnetization M of the Gd 4 f moments (Bmf = λM with
the molecular field constant λ). The saturation magnetization MS and critical temperature TC were
used as fitting parameters. For the localized Gd 4 f moments, we assume a pure spin moment of
J = S = 7/2. From our fit, we obtained a saturation splitting of (157 ± 2) meV for the Shockley state
and (67 ± 2) meV for the Dirac state, respectively, for the used EDC. Neglecting the kink at 60 K in
the curve of the Shockley state, which we will discuss later on, the curve nicely fits the ARPES data.
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Figure 3.9: Peak fits of the EDC indicated as white line in fig. 3.6b for four exemplary tempera-
tures. The EDCs (blue dots) were fitted with a sum of three Voigt line shapes (red lines), two for
the exchange-split M surface state and one for the broad peak at higher binding energy. A Voigt
profile represents the convolution of a Lorentzian and a Gauss profile. After adding a weak quadratic
background, we multiplied the fit function (dashed black line) with a Fermi-Dirac distribution broad-
ened by the experimental temperature and the instrumental resolution, which was set to 13 meV. The
exchange splitting of the Shockley state around the M-point is well resolved at lower temperatures
(39 and 53 K). At temperatures slightly below 60 K, where the kink appears in the temperature depen-
dence of the splitting in fig. 3.8, the peaks appear to broaden and the splitting gets blurred, whereas it
reappears at higher temperatures (62 K).
This supports our finding from the band structure calculation, that the band splitting is mediated via
exchange coupling to the localized Gd 4 f moments and therefore involves an increasing spin splitting
of the bands. The fit confirms, that the splitting indeed vanishes at a temperature of ∼ (90 ± 1) K and
saturates at ∼ 160 meV at the considered k-point of the Brillouin zone. As we have already men-
tioned, the spin splitting of the Shockley state is highly anisotropic and might therefore be larger or
smaller at other BZ points.
In fig. 3.8 we also show the temperature-dependent spin splitting for the Dirac cone. Here, the
splitting can be well resolved below ∼ 60 K. The overall splitting is less than half as large as for the
Shockley state. Therefore, similar to the Shockley state, an evaluation of the splitting remains inacces-
sible as soon as it drops below ∼ 50 meV already slightly above 60 K, i.e. at even lower temperatures.
Furthermore, as the Dirac cone has mainly Rh 4d character, SOC has to be taken into account, which
mixes with the exchange splitting. From our calculations, we estimated the spin-orbit splitting to be
of the order of 25 meV for the Dirac cone close to the Γ-point. The same holds true for the Shockley
state, where a finite SOC contribution of ∼ 40 meV even in the magnetically ordered phase from the
Rashba-Bychkov effect has been predicted by theory. However, whereas this contribution amounts
to only about 25 % at low temperatures for the Shockley state, its relative strength of almost 40 %
compared to the exchange magnetic interaction is higher for the Dirac cone. As SOC does not depend
on temperature, it might dominate the Dirac cone splitting at temperatures above ∼ 65 K and even re-
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Figure 3.10: Ordering of the Gd 4 f moments in the bulk and in the subsurface probed by XMLD.
Temperature dependence of the XMLD signal in fluorescence (TFY, open symbols) and in total elec-
tron yield (TEY, solid symbols). TFY probes the bulk magnetization, whereas TEY is more sensitive
to the surface region. The dashed lines are guides to the eyes. The red solid line shows the fit result by
means of the mean-field approximation to the Heisenberg model. The inset schematically illustrates
the experimental geometry of the XMLD experiment.
main above TN . Likewise for the Shockley state, a finite splitting due to spin-orbit interaction above
90 K, where the exchange interaction becomes comparable to the Rashba-induced splitting, cannot be
excluded. Ignoring all SOC effects, we nevertheless tried to fit the Dirac cone splitting in the same
Weiss theory framework as the Shockley state and interestingly find the same critical temperature of
(90 ± 20) K as in the previous case, albeit with a much larger experimental uncertainty. Our findings
imply that the spin splitting observed by ARPES is driven by the fundamental magnetic exchange in-
teraction, which in the case of the Dirac cone might be notably complicated by SOC and its resonant
nature, where more than one ordered Gd layer is involved in the interplay.
3.2.3 Magnetic properties in the bulk and at the surface from XMLD
To shed further light on the temperature-dependent spin splitting of the 2DESs, which is directly
linked to the ordering of the Gd 4 f moments, we performed X-ray magnetic linear dichroism (XMLD)
experiments at the Gd M5 (3d → 4 f ) absorption edge. XMLD is sensitive to both FM and AFM order
because the measured signal is proportional to the square of the ordered magnetic moment 〈M2〉, as
discussed in section 2.5. Using XMLD, we detected the onset of magnetic order in the surface region
and in the bulk of GdRh2Si2 by simultaneously looking at the total electron yield (TEY) and the total
fluorescence yield (TFY) signal, respectively [98]. The TEY signal probes less than 20–30 Å near
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the surface with the main contribution coming from the first subsurface Gd layer [155]. In TFY the
probing depth is of the order of 100 nm and thus an almost pure bulk signal is seen. In fig. 3.10
we plot the results of our XMLD measurements. The magnetic part of the linear dichroism was
separated from the natural linear dichroism by subtracting the X-ray linear dichroism (XLD) signal
measured at 140 K from all spectra. From the TFY data (open symbols), the onset of AFM order in
the bulk can be seen at ∼ 107 K in perfect agreement with the bulk Néel temperature determined from
macroscopic measurements [59]. However, from the TEY signal (solid symbols) it becomes evident
that the magnetic order at the surface sets in substantially below the bulk Néel temperature – at around
90 K, which agrees well with the onset of the Shockley state splitting seen in ARPES (see fig. 3.8).
Furthermore, the TEY curve reveals an interesting kink-like feature near 60 K, like in the spin splitting
curve of the Shockley state derived from our ARPES measurements. From the deviation of the TFY
and TEY curves above ∼ 60 K we may assume, that in this temperature range the magnetism at the
surface is mainly mediated by the Shockley state and is different from that in the bulk. Below ∼ 60 K,
the slope and shape of the TEY curve quickly approach those of the TFY curve. This effect might
indicate that in this temperature range a new channel for alignment between 4 f moments at the surface
and those deeper in the bulk has appeared along the c-axis. This fits nicely with our observation of
the spin splitting onset of the Dirac cone, which is a surface resonance state penetrating deeper in the
bulk. Thus, the Dirac cone state might open an additional exchange channel leading to an accelerated
growth of macroscopic magnetic domains of ordered Gd 4 f moments near the surface. In that regard
we may propose that below ∼ 60 K the magnetic systems at the surface and in the bulk become linked
together and further growth of magnetic domains takes place simultaneously upon cooling at the
surface and in the bulk. The dynamics of the domain growth and the role of the Dirac cone might be
an interesting challenge for further studies on GdRh2Si2, a material which offers a rich playground
for investigating the magnetic interplay between localized and itinerant electrons at the surface and in
the bulk.
It should be noted that the XMLD signal is an average over aligned moments within the beam spot
size S beam and thus also depends on the domain size S domain, if S domain < S beam = 100 × 20 µm2. In
contrast to the ARPES measurements, there is no direct evidence that during our XMLD measure-
ments we have exclusively probed the Si-terminated surface of GdRh2Si2. Nevertheless, the obtained
results are meaningful and important when combined with the ARPES data for the following reasons.
First, the temperature dependences of the measured XMLD signals in TEY (surface) and TFY (bulk)
mode are distinct implying a rather different magnetic behavior near the surface and in the bulk. Sec-
ond, the onset of the TEY signal is seen at ∼ 90 K which is in remarkable agreement with the onset
of the Shockley state splitting at the Si-terminated surface seen in ARPES. Third, the “kink” seen in
the temperature dependence of the TEY signal appears at the same temperature of about 60 K, where
the splitting of the resonant Dirac cone band has been observed to set in. We therefore believe that
the XMLD data reflect the magnetism of GdRh2Si2 in the bulk and, at least to a large part, at the Si-
terminated surface. It is possible that within the 100 × 20 µm2 spot size there are also Gd-terminated
parts of the surface. We assume that those could contribute to the constant background seen in our
experiment.
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Figure 3.11: ARPES band maps from Si-terminated GdRh2Si2 surfaces with adsorbed potassium of
varying deposition amounts. The band maps were taken along M – X – M (a-c) and M – Γ (d-f)
without deposited K (a, d), with ∼0.5 monolayer (ML) (b, e) and with ∼1.3 ML (c, f) of adsorbed K.
Apart from 1?, all labels indicate corresponding bands predicted by theory in figs. 3.2a and 3.4. The
data was taken with 45 eV photons at the temperatures indicated in the lower right corners of each
panel. The experiments were performed at the I05 high resolution ARPES beamline at the Diamond
Light Source synchrotron.
3.2.4 Potassium deposition on the Si-terminated surface
In the previous sections, we have shown that the Si-terminated surface of GdRh2Si2 hosts two distinct
2DESs: a strictly two-dimensional Shockley surface state and a linear-dispersive surface resonance
forming a Dirac cone. Both surface-specific states are subject to strong spin splitting and spin po-
larization due to magnetic exchange interaction with the magnetically ordered 4 f moments of the
subsurface Gd layer in the AFM phase. The Shockley state is hereby strongly localized within a
few atomic layers at the surface and is effectively linked only to a single ferromagnetic plane of Gd
ions. The topmost Si-Rh-Si-Gd four-layer of Si-terminated GdRh2Si2 thus presents a model system
for studying magnetic phenomena at silicon-terminated surfaces coupled to magnetically active sub-
strates. The Gd magnetism is hereby transferred to the topmost surface layers and might be further
linked to a functional overlayer of organic molecules or ordered magnetic materials with metallic
or semiconducting properties. To demonstrate this, we deposited potassium onto a freshly cleaved
Si-terminated surface of GdRh2Si2. The respective ARPES data is shown in fig. 3.11.
The ARPES band maps demonstrate the evolution of the electronic structure with increasing
amounts of deposited K. As a general trend, all surface-specific spectral features 1, 2? and 3 shift
to higher binding energy, while the bulk electronic structure is not affected by the K deposition, as
can be seen from bands 4 and 5. In particular, the gap in the projected bulk band structure labeled 6,



































Figure 3.12: FPLO calculations for a 16-layer slab of GdRh2Si2 with adsorbed potassium. (a) Com-
parison of results from a 16+1 slab with one ML (solid lines) and a 16+2 slab with two MLs (dashed
lines) of K. For labels see main text. (b) Spin polarization of the surface states within the Si-Rh-Si-
Gd four-layer with one ML of deposited K. Red (blue) indicate spin up (down) projections onto the
[110]-direction.
nearly unchanged in size and position32. This gap can equally be found in the projected slab band
structure of fig. 3.4 and in the projected bulk band structure in fig. 3.2a around 0.2 eV binding energy
close to Γ and is a purely bulk-derived feature. On the other hand, the Dirac cone noticeably shifts
to higher binding energies by 130 meV upon deposition of ∼1.3 monolayers (ML) of K. The shift of
the Shockley state is even larger with about 0.2 eV for 0.5 ML and 0.5 eV for 1.3 ML of potassium.
Additionally, the shifted split Shockley bands start to interfere and to hybridize with the bands labeled
as 5 (see red dotted ovals in figs. 3.11b,c) lying at the periphery of the M-gap. The band shift of the
2DESs to higher binding energies is caused by charge transfer from K into the states. From our band
structure calculations (compare fig. 3.12) we found, that the charge mostly flows from the K atoms
into the very first Si layer. As the contribution of the outermost Si layer is significantly larger in the
Shockley state than in the Dirac cone (see fig. 3.7 and p. 59) and the Shockley state is more strongly
localized at the surface, the charge transfer effect on the band energy is notably larger on this state.
One further notices, that an additional electron-like band labeled 1? appears inside the projected band
gap around M right above the Shockley state.
We simulated the potassium deposition onto a Si-terminated GdRh2Si2 surface by band structure
calculations with the FPLO code. In fig. 3.12a, we compare two calculations for a 16-layer slab of
GdRh2Si2 with one and two monolayers of K on top of the Si-terminated side. All lattice parameters
including the potassium layer distances from the Si-terminated surface were relaxed to get accurate
band positions. In panel (a), the shift of the upper branch 1 of the Shockley state to about 0.9 eV
binding energy for the band minimum is nicely reproduced, in good agreement with our ARPES
results. The lower branch, which shifts close to the bottom of the projected band gap at the M-point
in the calculation, could not be resolved in the ARPES experiment, as the lifetime broadening of the
electronic excitations and electron scattering quickly increase with growing potassium deposition.
Just as in the ARPES band maps, an additional twin band labeled 1? appears inside the gap, which
previously was located above the Fermi level and was therefore unoccupied in the absence of K
32 The tiny shift, when going from 0.5 to 1.3 monolayers of deposited K, presumably arises from surface resonances
residing at the gap borders, which are weakly affected by the charge transfer from the K deposition.
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deposition (compare figs. 3.2a and 3.4). Notably, a second monolayer of adsorbed potassium does
not lead to a further band shift, as the second K layer does not transfer charge anymore to the topmost
GdRh2Si2 layers. Instead, a parabolic wide K 4s band labeled α appears in the calculation, which
however could not be detected or resolved in our ARPES measurements. Presumably, a deposition
of only ∼ 1.3 instead of 2 MLs is not sufficient for the development of a coherent K 4s band. In
our calculation, the shifted surface bands even moved slightly upwards again, as the first K layer,
i.e. the one between the topmost potassium and the Si layer, relaxes slightly outwards together with
the topmost K layer, which leads to a slight reduction of the charge transfer. In panel (b), we show
the spin polarization of the shifted Shockley state and the newly appeared surface (or more precisely
interface) band 1?. A qualitative analysis shows, that the spin polarization of the bands in the topmost
GdRh2Si2 layers is retained upon potassium deposition. Along M – Γ, i.e. in the direction parallel
to the orientation of the ordered Gd 4 f moments, the spin character of the twin bands 1? and 1
mixes up such that the almost degenerate band 1? becomes the minority band and 1 becomes the
majority band. The hybridization of the split Shockley twin band 1 with the projected bulk bands
observed in figs. 3.11b,c (within the red dotted ovals) is reproduced in our calculation and appears
to be spin-dependent. Our qualitative studies show, that the observed surface electron doping effects
together with the spin-dependent hybridization lead to essential modifications of the 2DESs. Future
studies might evaluate the consequences of these qualitative changes of the electronic structure for
the magnetic and transport properties of this silicon-surface model system and how they will evolve
upon finer-grained control of the charge transfer from metallic adsorbates.
3.2.5 Comparison of the surface ordering temperature to EuRh2Si2
Most Eu compounds come in two flavours with trivalent or divalent Eu ions or a mixed-valent ground
state in between. Eu is divalent in EuRh2Si2 with an electronic configuration of [Xe] 4 f 7 6s2, while
Gd is trivalent in GdRh2Si2 (configuration [Xe] 4 f 7 (5d 6s)3). Therefore, both homologue compounds
GdRh2Si2 and EuRh2Si2 have the same 4 f configuration of the rare earth ion with a 8S 7/2 ground state
according to Hund’s rules. Both compounds essentially differ only by the additional Gd 5d electron
in GdRh2Si2. Nevertheless, the difference between the surface magnetic properties of these systems
appears to be quite large, which we want to compare in this section.
From the temperature dependence of the Shockley state spin splitting in fig. 3.8 it becomes evident,
that the splitting in GdRh2Si2 sets in at TS = 90 K, i.e. 16 % below the bulk Néel temperature TN =
107 K. In EuRh2Si2, the onset temperature of the Shockley state spin splitting TS does also not
coincide with the bulk Néel temperature TN = 24.5 K just as in GdRh2Si2, but is almost 70 % larger
than TN with about 41 K [70]. A possible explanation for this fundamental difference might be a
competition between an enhancement of in-plane exchange interaction within the rare earth (Eu,
Gd) subsurface layer due to the strongly polarized Shockley states and an overall reduction of the
magnetic coupling at the surface due to a reduced coordination number. The enhanced exchange
within the surface block is likely of similar strength in both compounds, since the spin splitting
of the Shockley states is quantitatively comparable in both EuRh2Si2 and GdRh2Si2. On the other
hand, the effect of the reduced coordination number should be much stronger in GdRh2Si2, since
the exchange coupling between adjacent rare earth layers deep in the bulk is significantly larger in
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GdRh2Si2 than in EuRh2Si2. A clear signature of the stronger exchange coupling along the c-axis
is the magnitude of the field required to rotate the ferromagnetic rare earth layers from AFM to
FM stacking and to get saturation magnetization. This field along the basal plane is particularly
huge in GdRh2Si2 with ∼ 50 T [59], while it is tiny in EuRh2Si2 with only about 0.1 T [58]. This
observation indicates, that the magnetic coupling in EuRh2Si2 is quasi-two-dimensional not only at
the surface, but also in the bulk, whereas GdRh2Si2 has more of a three-dimensional character. Likely,
the apparently much stronger coupling in GdRh2Si2 along the c-axis can be ascribed to the additional
channel for mediated exchange interaction between the Gd planes provided by the Gd 5d electrons.
As a consequence, the ordering temperature at the surface of EuRh2Si2 is slightly pushed down by
the removal of adjacent Eu layers (reduced coordination number), but at the same time it is strongly
pushed up by the additional exchange mediated through the Shockley state, resulting in TS > TN. In
contrast, in GdRh2Si2 the removal of adjacent Gd layers destroys the out-of-plane contribution of
the exchange coupling, which in the bulk substantially stabilizes the magnetic ordering, and pushes
the ordering temperature significantly down. This effect cannot be compensated by the additional
in-plane exchange due to the Shockley state, thus TS <TN. The same effect of the onset of magnetic
order at the surface at a lower temperature than in the bulk has been observed in HoRh2Si2 with
trivalent Ho ions [70], where the out-of-plane mediation of exchange interaction similarly relies on
the Ho 5d electrons and is missing at the surface.
3.3 Summary
Our combined experimental and theoretical studies of GdRh2Si2 show that its silicon-terminated sur-
face reveals rich and unique magnetic properties below ∼ 90 K. It bears two distinct 2DESs arising
from Shockley (surface state) and Dirac fermions (surface resonance state). Both are subject to strong
exchange interaction with the hidden and magnetically active 4 f moments of the Gd subsurface layer.
When magnetic order sets in, this interaction leads to the emergence of strongly spin-polarized sub-
bands with largest splitting values of 185 meV and about 70 meV for the Shockley and Dirac state,
respectively, which evolve from nearly degenerate or at most weakly split pairs of bands in the para-
magnetic phase. Exploring the temperature evolution of the ordering of the 4 f moments we find that
magnetic order sets in at a lower temperature at the surface than in the bulk and that between ∼ 90–
60 K surface and bulk magnetism behave independently. Below ∼ 60 K, the resonant Dirac cone state
seems to link the surface and bulk magnetic subsystems.
We found, that the gradual deposition of alkali metal atoms can be used to tune the band positions
in energy of the 2DESs via a nearly rigid band shift due to charge transfer. This surface doping
effectively shifts the Dirac cone state below the Fermi level, while the Fermi surface contour of
the Shockley state increases in size. Our theoretical studies show, that the alkali metal deposition
preserves the spin polarization of the surface state, but might lead to a qualitative change of the spin
structure at a certain amount of doping.
In the absence of surface doping, the theoretical analysis predicts a weak splitting of both 2DESs
and a highly non-trivial spin texture of the Shockley state even in the paramagnetic phase above the
onset of magnetic ordering due to a Rashba-Bychkov like spin-orbit interaction. The huge lifetime
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broadening of the surface states did not allow to resolve and confirm the weak splitting above the
Néel temperature in GdRh2Si2 in our experiment. However, turning to a similar material such as
EuIr2Si2, where spin-orbit coupling is of comparable strength to magnetic exchange interaction, al-
lows to conveniently investigate the effects of spin-orbit interaction in both the paramagnetic and anti-
ferromagnetic phases by ARPES. Our recent experiments on the mixed-valent compound EuIr2Si2,
which reveals a magnetic surface region with divalent Eu ions at low temperatures, shows a clearly
resolved splitting in the paramagnetic phase due the Rashba-Bychkov effect [83]. Complementary
calculations based on density functional theory and an effective k · p model, which perfectly agree
with the ARPES measurements, show a very similar spin texture to the one predicted by our cal-
culation on GdRh2Si2. These promising results strongly motivate further studies on GdRh2Si2 by
techniques simultaneously sensitive to momentum and spin such as spin-resolved ARPES. Evidently,
GdRh2Si2 still leaves plenty of unanswered questions and offers a rich playground for studying mag-
netic phenomena at silicon-terminated surfaces coupled to magnetically active substrates.
Chapter 4
EuRh2Si2
A divalent reference for the Luttinger theorem and
antiferromagnetism in the trivalent Kondo lattice YbRh2Si2
4.1 Introduction
The existence of a Fermi surface (FS) is the defining principle of a metal and its low-energy excita-
tions determine profoundly the metallic properties [156]. This is because due to the Pauli exclusion
principle, transport and thermodynamic properties in metals are governed by thermally excited quasi-
particles confined to a narrow window of the order of kBT (with the Boltzmann constant kB and the
temperature T ) around the Fermi energy EF . But not only the density of states around the Fermi level,
the shape of the Fermi surface per se can deeply influence the properties of a metal [157]. Fermi sur-
face nesting, i.e. the separation of congruent parts of the FS by some wave vector q may account for a
variety of phenomena ranging from electronic instabilities leading to spin density waves33 [161–164],
martensitic transformations in shape memory alloys [165–167], Friedel oscillations around charge
impurities [168–170] or enhanced RKKY [171–174] interaction. A proposed pairing mechanism for
unconventional superconductivity based on spin fluctuations assumes, that the attractive parts of an
oscillatory interaction potential determined by the Lindhard function and thus by the Fermi surface
shape and its nesting properties might promote the formation of Cooper pairs [175]. The study of
low-energy excitations around the Fermi level proved to be particularly useful for developing insight
into the microscopic origins of high-temperature (high-Tc) superconductivity and propelled substan-
tially the rapid evolution of the experimental ARPES technique [87, 176, 177]. For instance, ARPES
allowed to gain insight into the symmetries of the pseudogap and superconducting order parameter in
high-Tc cuprates. In the novel superconductor family of iron pnictides, FS mapping via ARPES is an
33 The formation of charge density waves with a concomitant Peierls transition, i.e. a periodic distortion of the lattice [158,
pp. 27-30], was long thought to be driven by Fermi surface nesting as well. However, recent studies have challenged this
picture by finding, that the corresponding singularity in the Lindhard function might be too weak in one dimension, and
even weaker in more dimensions [159, 160].
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indispensable technique to disentangle the complex five-band structure formed by the Fe 3d orbitals
and helped to elucidate the relation between the onset of superconductivity and the spin-density-wave
phase or possible Lifshitz transitions [177, 178, and references therein].
More generally, FSs are often the key to discriminating between rivaling theoretical models de-
scribing particular correlated metals [87, 176, 177, 179]. For periodic Kondo lattice materials, where
local orbital electrons both carry a magnetic moment and are coupled to conduction bands, the cen-
tral issue is the extent to which the moment-bearing electrons are included in the FS and the way in
which this might be accomplished. A fundamental theoretical principle was established by the semi-
nal realization [41–43] that the Luttinger FS sum rule [40, 180] can be applied even to such strongly
correlated systems. The sum rule states that the FS volume of an initially non-interacting Fermi gas,
which is adiabatically connected to the interacting Fermi liquid, is conserved even in the presence
of strong electron interactions so long as these interactions do not produce a phase transition. In the
context of a Kondo lattice, the essence of the sum rule is that if the local orbital magnetic moments are
quenched by the Kondo effect, then the underlying local orbital electrons must be counted in the FS.
If the moments are not quenched, as for example in a phase of magnetically ordered local moments,
the underlying electrons are excluded from the FS. For the Kondo lattice, the sum rule is satisfied by
the formation of heavy quasiparticle states at the Fermi energy, the analog of the Kondo resonance for
a local orbital impurity site. The behavior along the line of the Fermi energy labeled EYbF in fig. 4.1a
shows, for the hole situation that will be relevant for the presented work, how hybridization of the
local orbital quasiparticle with the conduction band enlarges the hole-like FS size from kF to k′F to
count the local orbital hole. These two situations are known as the small and large Fermi surfaces,
respectively [135, 181–184].
Even though the initial theoretical realization is now many years in the past, clear and immediate
experimental demonstrations of the workings of the Luttinger theorem for Kondo lattice materials
are still rather few. There is by far more evidence for FS transitions in Ce-based than in Yb-based
heavy-fermion materials. A practical reason is, that high-quality single crystals of Yb intermetallics
are more difficult to grow due to the high vapour pressure and low boiling point of Yb lying often
below the melting point of the alloying elements [119]. With the advent of single crystal growth from
metallic fluxes [185] an increasing number of Yb intermetallics has become available during the past
two decades for systematic studies of heavy-fermion and quantum critical behaviour.
Sudden transitions under hydrostatic pressure from a small to a large Fermi volume were observed
by de Haas-van Alphen (dHvA) measurements in CeRhIn5 [186] and CeRh2Si2 [187, 188] and have
been interpreted in terms of a delocalization of the Ce 4 f electron. Similarly, a transition of the FS
volume was observed as a function of magnetic field, either as a sudden jump from small to large and
therefore pointing to a localized-to-itinerant transition of the Ce 4 f electron as observed by dHvA
oscillations and Hall resistivity in CeRhIn5 [189], or continuously from large to small as in CeRu2Si2
[190] and YbRh2Si2 [191–193]. However, in the latter case a continuous Lifshitz transition due to
a spin splitting of the heavy quasiparticle bands without re-localization of the 4 f electron or hole,
respectively, has been proposed [182, 194], which therefore would not represent a demonstration of
the Luttinger theorem in the terms of a competition between localization and itineracy of the strongly
























Figure 4.1: Formation of the large Fermi surface in a Kondo lattice. (a) Schematic hybridization
model for the Yb case: The localized and renormalized level of the 4 f hole (dashed red line) hy-
bridizes with a light hole-like conduction band (blue line) and forms a heavy-quasiparticle band (pur-
ple line) right below the Fermi level EF . The Fermi vector shifts from kF to k′F . The red sun symbol
indicates the region of avoided crossing due to f –d hybridization. (b) ARPES band map of YbRh2Si2
(data published in ref. [135]). The Brillouin zone cut corresponds to the black line shown in panel
d). The crystal-field-split Yb 4 f bands (highlighted in red) hybridize with a bunch of projected bulk
bands (shaded in blue) forming a heavy hole-like quasiparticle band at low temperature and shifting
the Fermi vector outwards. (c) and (d) Schematic representation of a small and large Fermi surface:
Due to the formation of the Kondo lattice and the Luttinger theorem, the small hole pocket in c)
transforms into a large hole pocket in d), which incorporates now the additional 4 f hole.
have been identified even without direct observation of a Fermi volume transition. This has been
repeatedly accomplished by comparing dHvA frequencies either to theoretical frequencies obtained
from band structure calculations in the 4 f itinerant (e.g. CePd2Si2 [195], CeCoIn5 and CeIrIn5 [196,
197]) or localized (CeRh2Si2 [198]) picture or from comparison to a reference compound with a
well-defined FS volume (e.g. CeRhIn5 [199, 200], CeRhSi3 [201]). The latter approach also lead
to the observation of the large (hole-type) FS in YbRh2Si2 by ARPES from a comparison to band
structure calculations and the prototypical small FS in the reference compound YbCo2Si2 [79, 135,
183]. Indications for a FS transition due to a localization of the 4 f electron/hole upon warming, i.e. as
a function of temperature are very scarce. The temperature-dependent evolution of the FS in Kondo
lattices in view of the Luttinger theorem will be studied and discussed in more depth in Chapter 5.
To the best of our knowledge, among the class of Yb-based heavy fermions the large FS has been
indisputably observed so far only in the aforementioned YbRh2Si2 (i) by dHvA measurements in the
medium-field range deep in the paramagnetic heavy Fermi liquid phase far beyond the field-induced
quantum-critical point (QCP) [182] and (ii) by ARPES in the paramagnetic phase above the Néel
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temperature on the antiferromagnetic (AFM) side of the QCP [135, 183]. This paucity is particularly
unfortunate because ARPES allows to see most directly both the Fermi surface and the underlying
dispersing quasiparticles that define it. Furthermore, ARPES can probe the phase space in zero field
(at least down to ∼ 1 K), which is not accessible by dHvA due to the required large magnetic field
(compare the temperature vs magnetic field phase diagram of YbRh2Si2 in fig. 4.2b). Despite the vital
usefulness of quantum oscillations for FS studies, the interpretation of dHvA frequencies relies deeply
on accurate band structure calculations, which are conceptually hard to obtain for strongly correlated
materials by techniques based on the local density approximation (LDA). Thus, the assignment of
dHvA frequencies to theoretical predictions is more often approximate or even rough than precise.
Well-resolved, direct evidences obtained by ARPES of the FS sizes and topologies of Kondo lattices
and their reference compounds are therefore highly desirable.
Here, we present an ARPES study which reveals both the workings of the Luttinger sum rule and
the combined action of Brillouin zone (BZ) folding and magnetic exchange interaction on the FS
due to onset of magnetism. As explained further in the next section, we compare two isoelectronic
and isostructural rare-earth materials, the already mentioned heavy-fermion compound YbRh2Si2
and the antiferromagnet EuRh2Si2. Previous ARPES results on YbRh2Si2 suggest [135, 183], that
in the paramagnetic state and Kondo regime its FS encloses one strongly correlated 4 f hole and N
weakly correlated conduction band holes, while the FS of EuRh2Si2 is expected to enclose N + 1
weakly correlated holes, i.e. both compounds should have the same total hole count, implying the
large FS topology (with respect to holes) for both. The two situations are illustrated in fig. 4.1a by
the EF lines labeled Yb and Eu, respectively. Our newly performed ARPES measurements and band
structure calculations on EuRh2Si2 presented in this work suggest that the FSs of both materials are
comparable in size and shape, even though the FS in YbRh2Si2 is dominated by renormalized states
with heavy masses, whereas in EuRh2Si2 it is formed by “conventional” light conduction bands.
4.1.1 Physical properties of YbRh2Si2 and EuRh2Si2
YbRh2Si2 is a canonical heavy-fermion Kondo lattice material with an antiferromagnetic ground state
crystallizing in the tetragonal ThCr2Si2 structure [66, 77]. At temperatures above T &200 K, the mag-
netic susceptibility follows a Curie-Weiss law, a characteristic signature of localized moments, with
an effective magnetic moment close to the one of a free Yb3+ ion [66]. Upon cooling, the resistivity
weakly increases due to enhanced Kondo impurity scattering. Around 100 to 120 K the resistivity
reaches a maximum and starts to drop with decreasing temperature [66, 202]. This resistivity max-
imum is usually ascribed to the onset of coherent Kondo scattering due to the periodic arrangement
of the local moments. The most prominent evidence for the emergence of heavy quasiparticles at
low temperatures has been inferred from a hugely enlarged Sommerfeld coefficient — which is pro-
portional to the effective quasiparticle mass — of the order of 1 J mol−2 K−1 [203] being about 1000
times larger than in a normal metal. Among spectroscopic probes, ARPES reveals weakly dispersive
f -derived bands at low temperature hybridizing with the light conduction bands [37]. The formation
of a partial gap due to hybridization between the renormalized, coherent 4 f band and the conduc-
tion electrons has further been observed in optical conductivity [204, 205] and scanning tunneling
spectroscopy [134, 206] experiments.
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In the Doniach phase diagram, YbRh2Si2 lies extremely close to a quantum-critical point on the
AFM side ordering antiferromagnetically below the Néel temperature TN = 70 mK [66, 207]. The
antiferromagnetic transition at TN in YbRh2Si2 is well established from transport, thermodynamic
and magnetic measurements [66, 207–210]. A tiny magnetic field of Bc = 60 mT applied along the
basal plane is sufficient to suppress magnetic order and to drive the material through a quantum phase
transition at T = 0 K into a paramagnetic heavy Kondo liquid [67]. The close proximity to a QCP
induces non-Fermi liquid behaviour, which can be observed in YbRh2Si2 at low temperature without
the need to apply pressure, doping or a magnetic field. This rare opportunity makes it together with
the quantum critical heavy-fermion superconductor β-YbAlB4 [211] to one of the most intensively
studied heavy-fermion materials. As antiferromagnetic quantum phase transitions are usually accom-
panied by a superconducting dome, its apparent absence in YbRh2Si2 posed serious concerns to the
general assumption, that unconventional superconductivity is usually driven by magnetic instabilities
at AFM QCPs. This puzzle was finally resolved with the discovery of superconductivity in YbRh2Si2
at an extremely low temperature of 2 mK [212, 213].
At the heart of the unusual physical properties in YbRh2Si2 lies the question on the nature of the
QCP. Several theories have been proposed [214–216], among which the Kondo breakdown scenario
[10, 217], i.e. the break-up of the Kondo singlets at the QCP and the concomitant onset of local-
moment antiferromagnetism, is the most widely accepted one. The decisive dividing line between
the major concurrent theories is the question, whether the FS is small or large on the magnetically
ordered side of the QCP. In the conventional spin-density wave (SDW) scenario (itinerant QCP)34 the
4 f electron/hole remains part of an itinerant quasiparticle upon entering the ordered state and the large
FS stays large. Meanwhile, in the Kondo breakdown (or so-called local QCP) scenario the coherent
Kondo singlets break apart, when the system is tuned through the QCP into the magnetically ordered
phase, i.e. the 4 f moments become suddenly localized, which leads to a jump of the FS volume from
large to small. One of the strongest arguments for the local QCP has been derived from isothermal
field-dependent Hall measurements at very low temperatures, where a sizeable crossover of the Hall
resistivity close to the critical field Bc could be extrapolated to a discontinuous jump at T = 0 [225].
This jump has been interpreted in terms of a sudden collapse of the FS from large to small across the
QCP upon entering the AFM state. The newly found energy scale T? in the B – T phase diagram
marked by the Hall crossover, which merges with the AFM QCP at T = 0, has been substantiated
by signatures in isothermal magnetic and temperature-dependent susceptibility measurements [76],
see fig. 4.2a. This energy scale is assumed to mark the crossover from a large (on the high-field
paramagnetic side) to a small (on the magnetic side) FS. Nevertheless, ARPES measurements [135,
183] clearly indicate, that the FS is large on the left side of the T? line, at least down to the lowest
accessible temperatures of ∼800 mK (compare fig. 4.2b). However, as the crossover in the isothermal
field-dependent Hall coefficient quickly broadens with increasing temperature, YbRh2Si2 is assumed
to be already in the quantum-critical regime at zero field above & 0.5 K. Therefore, a conclusive
34 At an itinerant QCP spin density waves emerge marking the onset of AFM order, which do not break up the Kondo
singlets and preserve the coherent heavy quasiparticles [218–220]. The 4 f electron/hole still contributes to the FS
volume, which therefore remains large [221]. Examples for such a quantum phase transition include the doping-tuned




Figure 4.2: Temperature vs magnetic field phase diagrams of YbRh2Si2. (a) B – T phase diagram
summarizing experimental evidence for the T? crossover line obtained from magnetostriction λ, mag-
netization M, Hall coefficient RH and Hall resistivity ρH , magnetoresistivity ρ and susceptibility χ. (b)
Schematic double-logarithmic phase diagram covering a larger temperature range. The phase space
covered by ARPES is indicated by a red line. The Hall crossover (THall ≡ T?) line merges at T = 0
into the AFM QCP, which separates the antiferromagnetic phase (AF) from the paramagnetic Landau
Fermi liquid (LFL) phase of the coherent Kondo lattice. Quantum-critical fluctuations extend above
the QCP to finite temperatures and induce non-Fermi liquid behaviour (NFL). The single-ion Kondo
temperature TK of the lowest-lying crystal-electric-field Kramers doublet is indicated by the dashed
grey line. B? marks a crossover associated either with a field-induced suppression of the heavy-
fermion state along with a FS reconstruction from large to small [193, 226] or a Lifshitz transition
due to a spin splitting of the heavy bands [182]. The figures were adapted from refs. [76] and [193].
assessment of the FS topology in the Fermi liquid phase35 at zero field, which sets in only with
the AFM order [207], is not possible to date neither with ARPES, nor with any other experimental
technique, which directly probes the FS.
So far, we have loosely spoken of the ARPES-derived low-temperature FS to be actually large in
the sense, that it expectedly counts an integer itinerant 4 f hole. This is far from trivial, as the Yb
valence ν = 2.96 in YbRh2Si2 at low temperature deviates only slightly from 3+ [227]. So far, the
conclusion of a large FS with an integer 4 f hole was derived from comparisons to band structure
calculations implying itinerant 4 f electrons [182] or renormalized heavy bands [135, 183] and to the
established small FS of the reference compound YbCo2Si2 [79]. As will be seen in more detail below
(compare e.g. figs. 4.3a,b), LDA-based band structure calculations show that the generic RERh2Si2
(RE = rare earth) FS consists of two sheets called the Doughnut (D) and the Jungle-gym (J) [135,
182, 183, 191]. The Jungle-gym forms a largely interconnected Fermi surface sheet across the whole
k-space, whereas the Doughnut consists of a square-like, large hole pocket around the Z-point of the
three-dimensional (3D) BZ. The topology of the Doughnut was conveniently used to distinguish the
large (itinerant 4 f hole) and the small (localized 4 f hole) FSs [135, 182, 183], most evidently via
35 Strictly speaking, clear conclusions about the FS and the fate of the 4 f electron/hole can only been drawn, when the
Kondo lattice behaves as a Fermi liquid [43]. However, Oshikawa states, that application of the Luttinger theorem might
be extended to cases of non-Fermi liquids, which nevertheless exhibit a well-defined FS. In YbRh2Si2, this assumption
seems to be valid, as shown by ARPES (compare e.g. fig. 4.1b).
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the size of its necks which, respectively, do or do not extend into the neighboring BZs, as shown
schematically in figs. 4.1d and c. The previous ARPES work on YbRh2Si2 [135, 183] demonstrated a
remarkable resemblance with the expected large FS of fig. 4.1d down to 800 mK [183]. The YbRh2Si2
ARPES spectrum reproduced in fig. 4.1b shows the heavy 4 f quasiparticle and the itinerant band
states dispersing across EF marked with colors corresponding to the schematic of fig. 4.1a. As a ref-
erence, the small FS schematically represented by fig. 4.1c has been conclusively verified by ARPES
and band structure calculations for the stable trivalent, local moment AFM, weakly correlated, iso-
electronic reference system YbCo2Si2 [79]. However, no experimentally determined reference for the
large FS topology was derived so far, which would give a validation of the theoretical expectations.
The first goal of the presented work is to provide such an experimental reference by investigating the
FS of the divalent antiferromagnet EuRh2Si2 by ARPES.
EuRh2Si2, the subject of the present study, is also a local-moment AFM isoelectronic reference
system [21, 58, 228] crystallizing in the ThCr2Si2 structure (compare fig. 3.1a). In contrast to virtually
all other RERh2Si2 systems [52–54, 60, 61, 64, 65, 132, 229–232], the Eu ions in this compound have
a valence of 2+ [18]. The valence band thus lacks one electron or equivalently hosts an additional hole
compared to the trivalent, weakly correlated members of this homologue series. Thus, in accordance
with the Luttinger sum rule, EuRh2Si2 in its paramagnetic phase should possess the large FS. This
will be shown in the next section.
With the half-filled 4 f shell, the divalent Eu2+ ions have a pure spin configuration with a huge
S = 7/2 spin and a vanishing orbital moment L = 0, which is identical to the one in trivalent Gd. The
Eu spins order antiferromagnetically below a Néel temperature TN =24.5 K with an incommensurate
propagation vector of (0 0 τ) with τ=0.79 [57, 58, 228]. The moments lie in the basal plane forming
ferromagnetic layers, which stack nearly antiferromagnetically along the crystallographic c-axis. The
incommensurate propagation vector suggest some type of helical or sinusoidal ordering. Indeed, ther-
modynamic, magnetic and transport measurements have revealed a complex magnetic structure with
three consecutive magnetic transitions at T1 =TN, T2 =23.5 K and T3∼14 K [58]. The data suggests,
that the system presumably undergoes a transition into a collinear amplitude-modulated structure at
T1, which immediately evolves into some equal-moment structure at T2 and finally developes into a
spin-spiral structure via a hysteretic first-order transition around T3. The screw ordering at low tem-
perature seems to easily flip into a sinusoidal (fan) structure under a small magnetic field of 0.1 T.
The resonant magnetic X-ray scattering experiment, which detected the incommensurate propagation
vector, was performed at 27 K and 19 K, i.e. above TN and within the assumed equal-moment ordering
[57]. The question, whether τ changes in the other two magnetic phases, is unanswered so far.
The temperature range of magnetic order in EuRh2Si2 is conveniently accessible by ARPES mea-
surements. In the second part of this chapter we present respective band structure calculations within
the framework of density functional theory (DFT) and ARPES results below the Néel temperature
TN. The UV-ARPES results, which will be presented in this work, were obtained above TN and at
10 K, i.e. in the presumable spin spiral phase instead of the equal-moment ordering, where the prop-
agation vector was determined. We assume here, that the metamagnetic transition below T3 will not
strongly affect the propagation vector, especially the z-component (i.e. τ). Preliminary resonant X-
ray magnetic scattering experiments indeed point to an almost constant τ in all three magnetic phases,
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although the ground state phase seems to have a more complex magnetic structure with a propaga-
tion vector deviating from the simple (0 0 τ) form [233]. Nevertheless, our assumption of a nearly
equal propagation vector will be supported by the nice agreement between our theoretical predictions
based on this precondition and the UV-ARPES results. Throughout the remaining text, we will there-
fore name these magnetic phases in EuRh2Si2 simply the AFM phase. Our combined ARPES and
DFT studies disclose a complex fragmentation of the FS in EuRh2Si2 due to BZ folding upon the
AFM transition. We finally use our results to discuss possible changes in the electronic structure of
YbRh2Si2 in its AFM phase below 70 mK and possible implications for its behaviour upon crossing
the QCP.
4.2 Results
4.2.1 Paramagnetic phase of EuRh2Si2 from DFT and UV-ARPES
We calculated the three-dimensional bulk FS of EuRh2Si2 in the paramagnetic (PM) phase within
DFT and the generalized gradient approximation (GGA) to the exchange-correlation potential.36 The
f electrons were treated as localized with a fixed, unpolarized 4 f 7 configuration. Figure 4.3 shows
the resulting FS from two different perspectives. It very closely resembles the one established for
YbRh2Si2 in the paramagnetic Kondo regime and both the Doughnut37 D and the Jungle-gym J can
clearly be identified. The lower right panel and upper left inset of fig. 4.3c compare, respectively, a
DFT calculation and ultraviolet (UV) ARPES data for paramagnetic EuRh2Si2, taken with photons of
45 eV energy. For this photon energy and the resulting photoelectron kinetic energy, the photoelectron
has a very small relaxation time and a short mean free path. In consequence [234] our UV-ARPES
data is both surface sensitive and broadened in kz, the wave vector component perpendicular to the
surface, so that the bulk electronic structure is mostly k-summed along kz. Therefore the DFT-derived
FS is shown projected along kz onto the two-dimensional (2D) surface BZ, which is depicted as a
dashed-red line in fig. 4.3b. High symmetry points of the surface BZ are marked in both panels with
overlined symbols.
The large Doughnut sheet D can be well distinguished and is seen as a homogeneous gray area.
The projected Jungle-gym J is weakly visible in the first BZ, but due to photoemission cross-section
effects its photoemission intensity is much stronger in the second BZ, where its boundary is indicated
by a blue arrow. Those parts of the Jungle-gym in the first BZ that are not masked by the Doughnut and
form the boundary of the projected gap around the M-point are indicated by red arrows in figs. 4.3b,c.
In addition to the features predicted by the bulk band structure calculations, sharp spectral patterns
around the Γ-point as well as the diamond-shaped feature around the M-point within the projected
gap result from surface resonances and Shockley surface states, respectively. These states have been
discussed in detail in the previous chapter and in earlier works [57, 70]. Because of their surface
origin these features are obviously missing in the calculated bulk bands in fig. 4.3c. As shown in
36 Calculational details can be found in Appendix A.
37 In the literature, the Doughnut derived its name from a topological hole in its center around the Z-point (compare the
calculated small FSs in Refs. [79, 182, 232]). Although the hole in the Doughnut of EuRh2Si2 is closed, we keep this
naming to indicate, that it originates from the same electronic band as the Doughnut of the small FS.
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Figure 4.3: Fermi surface of paramagnetic EuRh2Si2. Bulk Fermi surface obtained by DFT calcu-
lations with the Doughnut D and Jungle-gym J sheets in side (a) and top (b) views. The red dotted
line in b) indicates the surface BZ. (c) ARPES-derived FS (top-left) measured with photons of 45 eV
at 35 K compared to the projected FS (lower-right) obtained from the pure bulk band structure calcu-
lation shown in panels a) and b). As in panel a), the purple lines trace the border of the Doughnut.
The borders of the calculated FS coincide with the borders of the first surface BZ.
the previous chapter exemplarily on GdRh2Si2, they can however be reproduced and identified with
the help of slab band structure calculations and thus be well separated from bulk contributions to
the spectra. The projected FS excluding the surface-related states is in perfect agreement with the
calculated 3D FS and can thus be attributed to the projected bulk band structure in the PM phase.
Fig. 4.4a shows a direct comparison of the ARPES-derived FSs of EuRh2Si2 and YbRh2Si2. The
data shown for YbRh2Si2 corresponds to the FS published in ref. [135]. Note, that for YbRh2Si2 the
Jungle-gym cannot be distinguished in this data set. One explanation might be, that its photoemission
signatures, which according to the FS of EuRh2Si2 can only be found in a narrow k-space region
between the Doughnut and the projected band gap around the M-point, are completely masked by the
much larger Shockley surface state around M compared to EuRh2Si2. Another possible reason will
be discussed in Chapter 5, where we present a fermiology study of YbRh2Si2 by Compton scattering.
We therefore focus solely on a discussion of the DoughnutD.
The close resemblance of the shape ofD in both compounds is instantly evident. Most importantly,
the Doughnut necks reaching into the neighboring BZ are widely open in both compounds. In fig. 4.5,
we compare the Doughnut necks of EuRh2Si2 and YbRh2Si2 in more detail. The ARPES band maps
were taken at T =11 K for YbRh2Si2 and at T =34 K (PM phase) for EuRh2Si2 along the M – X – M
direction and demonstrate the derived widths of the necks in k-space. The hole-like nature of the
Doughnut is immediately evident from the band dispersion. Our analysis indicates that the neck





















Figure 4.4: (a) Comparison of the ARPES-derived FSs of EuRh2Si2 and YbRh2Si2. The red dashed
line in all panels denotes the 2D BZ of the projected bulk band structure. (b-e) Calculated Doughnut
FS sheets of YbRh2Si2, where the 4 f electrons were treated as (b) itinerant or (c-e) localized within
an open-core approximation with a fixed (c) 4 f 14 (Yb2+), (d) 4 f 13.1 (Yb2.9+) and (e) 4 f 13 (Yb3+)
configuration. (f, g) Visualization of the staggered three-dimensional arrangement of the Doughnut
in the 3D reciprocal space.
are indeed very close, keeping in mind the slightly different lattice parameters and possibly different
inner potentials and residual kz-dispersive effects in spite of the small photoelectron escape depth. We
thus conclude that the size of the FSs (at least of the Doughnuts) is very similar.
The significance of the Doughnut neck width becomes obvious from figs. 4.4b-e, where we have
calculated the 3D FS of YbRh2Si2 for various Yb 4 f configurations38. Only the Doughnut sheet is
shown here. For the calculation in fig. 4.4b, the 4 f electrons were assumed to be itinerant, i.e. the
4 f orbitals were included in the variational basis set. In figs. 4.4c-e, we used an open-core config-
uration, where the 4 f electrons were placed in the core, which excludes any f -spd hybridization
with the itinerant conduction bands, with fixed configurations ranging from a completely filled 4 f 14
shell (Yb2+), over an almost trivalent configuration with 13.1 f -electrons (Yb2.9+) to trivalent Yb3+,
respectively. The trivalent configuration in panel (e) gives the small FS without coherent heavy quasi-
particles, whereas the fully itinerant calculation in panel (b) should at least qualitatively resemble the
large FS including the renormalized 4 f hole [182, 191]. The most evident difference between both
FSs are the hugely enlarged necks of the Doughnut in the large FS, which reach into the neighboring
BZ. Figures 4.4f,g illustrate the staggered periodic arrangement of the Doughnuts in the extended re-
ciprocal space, which in the kz-projected ARPES view gives the resemblance of open and connected
necks from neighboring Doughnuts. In the small FS, the necks are clearly closed and do not overlap.
Interestingly, the FS calculated with a closed 4 f shell and therefore with an integer missing electron
or equivalently an additional hole in the valence band as compared to the Yb3+ open-core result, looks
almost identical to the large FS with itinerant 4 f electrons. This implies, that from a DFT point of
view, the hybridized, large FS indeed hosts an integer 4 f hole. However, from resonant X-ray emis-
38 For these calculations, experimental lattice parameters and Wyckoff positions have been used: a = 4.007 Å, c=9.858 Å,
zSi =0.379c for the Wyckoff position (0, 0, z) of Si [235].
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sion spectroscopy we know, that the Yb valence in YbRh2Si2 deviates from 3+ only very slightly
with a valence of ν = 2.96, thus ∆ν  1 [227]. We have therefore tested, whether the experimen-
tally observed deviation of the FS in YbRh2Si2 from the small FS seen in the reference compound
YbCo2Si2 [79], which essentially looks like the one in panel (e), might be explained solely by a band
filling effect from the slightly reduced valence. To this end, we additionally performed an open-core
calculation with the valence set to 2.9, i.e. very closely to the experimental value of 2.96. The result
shown in fig. 4.4d shows only tiny deviations from the small FS in panel (e). One observes, that the
necks along Γ – X are very slightly elongated, although they do not reach the 2D surface BZ border,
and the hole in the center is a bit smaller. But overall, the FS shows the small FS topology as the one
in panel (e).
By comparison to the various theoretical options, the widely open Doughnut necks in the exper-
imentally derived FS of YbRh2Si2 clearly allows to exclude the simple band filling picture from the
slight reduction in the Yb valence. The close resemblance with the 4 f itinerant and divalent open-
core calculation39 and, most importantly, with the clear experimental reference of a divalent FS from
EuRh2Si2, we conclude, that the FS of YbRh2Si2 is indeed enlarged by an (at least nearly) integer
hole40. That means, that the 4 f moment completely contributes to the FS volume, even though the
4 f hole is almost fully localized and immobile [43, 236]. Thus, while the FS in EuRh2Si2 can be
easily derived from band structure calculations without the inclusion of the 4 f electrons and therefore
without strong correlations, the FS in YbRh2Si2 originates from a true many-body effect due to the
formation of the Kondo lattice and the working of the Luttinger theorem.
The almost equal FS topologies in both compounds give motivation to explore in more detail
how the FS might be modified in the AFM phase of EuRh2Si2. In contrast to YbRh2Si2, the AFM
transition in EuRh2Si2 is easily accessible by ARPES due to the higher Néel temperature. Thus,
by studying the AFM phase and its effects on the divalent FS in EuRh2Si2, one might propose some
possible consequences for the FS in YbRh2Si2 below TN. For the AFM phase of EuRh2Si2, an incom-
mensurate magnetic order with a propagation vector Q = (0, 0, τ) with τ= 0.79 has been established
experimentally [57]. If we approximate the propagation vector close to the sample surface with τ'1,
the unit cell in real space is doubled due to the lowered symmetry and the BZ is halved changing
from a truncated octahedron to a simple tetragonal cuboid upon entering the AFM phase, as shown in
fig. 4.7a. Correspondingly, this transition should be accompanied by a back-folding of electron bands
into the halved BZ, i.e. the Z-point will be folded onto the Γ-point and the electronic structure at Z
and Γ of the PM phase should become equivalent as two Γ-points of the AFM phase. Observation
of such a FS reconstruction requires resolution along kz, which precludes the usage of kz-broadening
39 It is important to stress, that a DFT calculation by no means gives a correct description of the single-particle excitation
spectrum. However, it has been found from combined dHvA and DFT studies on Ce compounds, that the band structure
calculations often give a remarkably good agreement between the measured and predicted frequencies on the basis of
the theoretical 3D FSs, albeit the heavy quasiparticle masses are mostly underestimated by one order of magnitude and
the 4 f occupancy comes out wrong (see e.g. [196, 197, 199]).
40 A quantitative analyses of the experimentally derived FS volume is hindered by the missing information on the kz-
dispersion. As can be seen from the calculated 3D FSs, the Doughnut has a strong three-dimensional topology and
knowledge of its shape and extent along kz is inevitable for an accurate evaluation of the hole content. Moreover, the
Doughnut constitutes only one sheet of the FS and should therefore only accommodate a fraction of the hole. The other
fraction might be distributed over the other FS sheets, notably the Jungle-gym – the second large sheet. However, the
shape of the Jungle-gym in YbRh2Si2 in the Kondo regime could not be derived so far.
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Figure 4.5: ARPES-derived band maps for YbRh2Si2 and EuRh2Si2 taken at 11 K and 34 K, respec-
tively. The derived width of the neck in k-space is demonstrated by the red dotted lines for both
considered materials.
UV-ARPES. Therefore we performed truly bulk sensitive soft X-ray ARPES measurements.
4.2.2 Soft X-ray ARPES on EuRh2Si2
With the photon energies used in soft X-ray ARPES the probing depth is quite high compared to
that of UV-ARPES, the probability to excite surface-related states is significantly reduced and allows
to study the bulk kz-dependence of the electronic structure. The energy resolution is reduced but
nonetheless adequate for the purpose at hand. In fig. 4.6, we present the Fermi surfaces of EuRh2Si2
obtained by soft X-ray ARPES in the kx – kz plane along Γ – Σ(X) in the PM (AFM) phases. For
comparison, the calculated FSs in the same k-space plane are depicted in panels (a) and (b). In the
calculation, the largest FS sheets around the Z-points in the PM phase reaching into neighboring
Brillouin zones can be identified as the Doughnut sheets. Additionally, narrow cigar-shaped hole
pockets can be seen at the Z-points in the PM phase, while they are missing at the Γ-point. Upon
entering the AFM phase, the FS including the cigar-shaped hole pockets gets folded onto the Γ-point.
Similarly, the experimental data for paramagnetic EuRh2Si2 in panel (c) reveals a narrow vertical
spectral feature at the Z-point, which is missing (inside the white dashed ovals) at the Γ-point. In the
ordered phase, similar elongated features appear at Γ inside the dashed ovals and can be attributed to
a folding of the cigar hole pocket.
Additionally to the kz-dependence of the electronic structure we also studied the momentum dis-
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Figure 4.6: PM-to-AFM transition in EuRh2Si2 measured by soft X-ray ARPES. (a, b) 2D slices
from the calculated 3D Fermi surfaces in the kx – kz plane along (a) Γ – Σ for the PM and (b) Γ – X for
the AFM phase, respectively. The insets show the kx – kz planes and the labeling of the high symmetry
points. Green (orange) lines represent the Brillouin zone borders in the PM (AFM) phase. The small
red (cyan) circles in panels a) to d) denote Γ(Z)-points. In panels c) and d), the Fermi surface in the
kx – kz plane obtained by soft X-ray ARPES for photon energies between 650 and 760 eV is shown
for (c) 40 K (PM) along Γ – Σ and for (d) 10 K (AFM) along Γ – X. White/black dotted ovals in all
panels indicate the location of the cigar-shaped hole pocket, which in the PM phase appears solely
around the Z-point and is therefore missing around the Γ-point, while it is folded onto the Γ-point in
the AFM phase.
tributions of intensity at the Fermi energy EF along two different kx – ky planes. We used photon
energies of 670 eV and 730 eV, which probe the electronic structure along the measurement arcs
shown in fig. 4.7b. These arcs provide planes of approximately constant kz near the Γ- and Z-points
of the paramagnetic BZ. In fig. 4.7c, we compare soft X-ray ARPES-derived FS maps obtained in
the PM phase at T = 40 K and the AFM phase at T = 10 K. As expected, in the PM phase we see
distinctly different spectra in the regions of the inequivalent Γ- and Z-points. In particular, a hole-like
pocket (see below) can be seen around Z, whereas no such pocket exists around Γ. Upon cooling
the system down to 10 K below the Néel temperature, a similar hole-like band as that around Z now
appears around the Γ-point, where the intensity was previously depleted. At the same time, the hole
pocket around Z seems to be unaffected by the AFM transition.
We support the evidence of band back-folding further by presenting energy-momentum intensity
distributions and momentum distribution curves (MDCs) at EF in fig. 4.8. Here, we extracted the
MDCs at EF along Γ(Γ) – X(M) for 670 eV and along Z(Γ) – X(M) for 730 eV in the AFM (PM)
phase for temperatures of 40 K and 10 K, i.e. above and below the AFM transition temperature, re-
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Figure 4.7: PM-to-AFM transition in EuRh2Si2 measured by soft X-ray ARPES. (a) Brillouin
zones of body-centered (PM) and simple tetragonal (AFM) EuRh2Si2 with approximate measure-
ment planes. (b) Navigation through the 3D k-space. The solid (dashed) lines indicate the boarders
of the Brillouin zones along with corresponding high-symmetry points in the PM (AFM) phase. The
photoemission measurement arcs, probing the crystal momenta close to the Γ- and Z-points are shown
in red (hν = 670 eV) and green (hν = 730 eV), respectively. (c) Fermi surface sections in the kx – ky
plane derived from soft X-ray ARPES performed at 40 K (for the PM phase) and at 10 K (for the
AFM phase). Erratum: Note, that in (c), the vertical axis is erroneously labeled with kz, whereas ky
would be correct.
spectively, and for two additional temperatures, 30 K and 20 K. The results are shown in fig. 4.8a. In
the 670 eV panel cutting through the PM (and AFM) Γ-point, one can clearly see how the peak in the
center (highlighted by the green rectangle), which is present in the 730 eV panel at the PM Z-point
at all temperatures, is missing above the Néel temperature TN = 24.5 K. Below the AFM transition,
additional spectral weight appears at the Γ-point originating from the band back-folded from Z to
Γ due to the FS reconstruction. The hole-like nature of this back-folded band is visible from the
corresponding energy-momentum distributions presented in fig. 4.8b along the same high-symmetry
directions as in panel (a). The appearance of spectral weight around Γ in the AFM phase, which in
the PM phase could be seen solely around Z, is fully consistent with the transformation of the BZ
and the resulting back-folding of electronic bands. This aspect of our theoretical findings is therefore
supported by our soft X-ray ARPES measurements.
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Figure 4.8: Temperature-dependent soft X-ray ARPES MDCs and band maps. (a) Symmetrized
MDCs at the Fermi level from the soft X-ray ARPES dataset presented in fig. 4.7 as a function of
temperature. The chosen photoemission measurement arcs (compare fig. 4.7) cut the Fermi surface
along Γ(Γ) – X(M) for a photon energy of 670 eV and along Z(Γ) – X(M) for 730 eV in the PM
(AFM) phase. For greater clarity, the intensities in each panel where shifted against each other. (b)
Corresponding exemplary symmetrized band maps for 10 K (AFM phase) proving the hole-like nature
of the back-folded band. The datasets in the insets were normalized to the total MDC intensities to
eliminate the large nondispersive emission from the Eu 4 f excitations ranging from just below the
Fermi level down to ∼0.9 eV binding energy.
4.2.3 Antiferromagnetic phase of EuRh2Si2 from DFT and UV-ARPES
Having experimentally established the back-folding of electron bands along the Γ – Z direction across
the AFM transition, we turn now to the results of our band structure calculations to analyze in more
detail the changes of the electronic structure upon entering the AFM phase. The DFT-derived FS in
the AFM state is shown in figs. 4.9a,b from two different viewing angles. The Doughnut and parts of
the Jungle-gym are folded into the new, halved-in-size BZ. The Doughnut is folded onto the Γ-point
along with the previous Z-point in the PM phase. The new Z-plane, which lies halfway between the
Γ- and Z-points of the PM BZ zone, cuts the folded Doughnut marginally resulting in small oval hole
pockets labeled 3 in fig. 4.9b and marked in green. The pockets lie within necks, which open up at
the new Z-plane and connect neighboring Doughnuts along kz. The hole-like dispersion of the oval
pockets is evident from the band map shown in fig. 4.10. Note, that the ARPES data does not allow to
distinguish between the oval hole pockets and the necks, as according to the calculation both bands are
almost degenerate at the Fermi level. These necks and oval pockets are a further important indicator
for the folding of the FS in the AFM phase. The large Jungle-gym hybridizes with the Doughnut
and splits apart into two distinct sheets. The resulting splitting of the FS is labeled 2 in fig. 4.9b and















Figure 4.9: Fermi surface of AFM-ordered EuRh2Si2 derived by UV-ARPES and DFT calculations.
(a) Perspective view and (b) top view along kz of the calculated 3D FS. (c) Comparison of the pro-
jected bulk FS (top left half) and the ARPES-derived FS (bottom right half) taken at 10 K. The yellow
dashed line indicates the border of the Brillouin zone. (d) Additionally to the projected bulk FS, the
surface states and surface resonances have been extracted from slab calculations for Eu-termination
(cyan, top left panel) and Si-termination (green, bottom left). On the right side, the spin polarization
of the termination-specific surface-related states is indicated in red and blue for minority and majority
spin projections, respectively.
and marked in red. This banana-shaped feature results from the folding of the Jungle-gym onto itself
splitting off due to hybridization to form long tubes with almost parallel surfaces along kz. Similarly,
the outer of the two sheets separated by gap 2 also forms long, but warped tubes along kz. As a general
conclusion, the bulk DFT calculation predicts a strong fragmentation of the paramagnetic FS upon
the AFM transition.
We now compare the band structure calculation to the FS experimentally obtained by UV-ARPES
at a temperature of 10 K, sufficiently below the Néel temperature. As with the PM phase we must
account for the kz-broadening of the bulk excitations and the sensitivity to surface-specific spectral
features. We therefore calculated the projected FS focussing first only on the bulk band structure by
integrating the data shown in figs. 4.9a,b along kz. The resulting projected bulk FS is shown in the
upper left part of fig. 4.9c. Apart from the oval hole pockets, which do not contribute enough density
of states in the given visualization to be visible, the main signatures of folding discussed in panel (b)








Figure 4.10: Energy-momentum intensity map along the oval hole pockets. (a) Raw band map data
along the BZ cut indicated by the dashed yellow line in the inset in panel b). Green arrows point to
the Fermi vectors of the hole-like bands forming the small oval hole-like pockets, which are discussed
in fig. 4.9 as feature 3. (b) Curvature of the data in panel a) with enhanced peaks and band edges of
the hole-like bands forming the oval pockets. The inset shows the combined calculated and measured
AFM FS of EuRh2Si2 presented in fig. 4.9c.
the banana-shaped feature 1 splits off a portion of the Jungle-gym. Notably, the BZ folding shows
up in the projected FS only in the splittings 1 and 2 and – with increased contrast – in the oval gaps
and pockets 3, whereas its overall shape remains practically identical to the projected FS in the PM
phase (compare fig. 4.3). The ARPES-derived FS in the lower right half of fig. 4.9c shows all three
discussed bulk features, as indicated by dashed lines with equivalent color coding. Although the
ARPES intensity of the former Jungle-gym is quite low in the first BZ just as in the nonmagnetic PM
case, the borders of the outer FS sheet, which coincide with the banana-shaped feature 1, are clearly
visible. The experimental FS also shows the gap labeled 2. Finally, four oval gap-like signatures
appear exactly where the oval necks and hole pockets 3 are expected.
The ARPES-derived FS reveals a much more complex structure than the purely bulk-derived cal-
culated FS. All spectral features not explained by the projected bulk band structure can be understood
as a superposition of surface-related excitations from both Si- and Eu-terminations present together
on the measured crystal surface. The surface-specific band structure was calculated by using a super-
cell consisting of a thick slab of four conventional unit cells (32 atomic layers) surrounded by empty
space, which mimics the two possible surfaces of the material with several bulk layers in between and
enables us to study the modifications of the band structure due to the presence of a crystal-vacuum
interface. This procedure is equivalent to the one applied to GdRh2Si2 in Chapter 3. In fig. 4.9d, the
projected bulk bands (shaded in gray) are overlayed with the surface states and surface resonances
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of the FS obtained from our slab calculation (colored). To identify the surface character, only states
with a predominant contribution to the topmost four atomic layers on each side of the slab are ex-
tracted from the overall slab band structure. The two segments at the top colored cyan and red/blue
are calculated for the Eu-terminated half of the slab, the two segments at the bottom colored green
and red/blue are obtained from the Si-terminated part. The cyan and green states indicate surface
states and surface resonances for the respective terminations. The red and blue coloring on the right
side additionally points out the spin polarization (s↑ − s↓)/(s↑ + s↓) with the spin projections s↑/↓ of
these states along the magnetization direction [100].
In the UV-ARPES FS for the PM case, we have already identified a pronounced well known
Shockley state around the M-point. This strictly two-dimensional surface state occurs only for Si-
termination. This characteristic fingerprint thus clearly indicates the presence of Si-terminated crys-
tallites in the UV-ARPES experiment. In the AFM phase, the surface state is strongly spin split both
in the calculated FS and in the ARPES data due to magnetic exchange interaction with the ferromag-
netically polarized Eu 4 f moments in the fourth subsurface layer.
For Eu-termination, the calculation predicts a bunch of surface resonances that arise from bulk
states, but are resonantly enhanced at the topmost Eu surface layer. Due to the resonance at the
surface, these states are also subject to magnetic exchange interaction with the topmost ferromagnet-
ically ordered Eu layer41 and are therefore spin split. A dense bunch of bright and sharp states in
the experimental FS, which appear within the Doughnut following roughly its shape, might be iden-
tified as the surface resonances at Eu-termination predicted by theory. Multiply repeated experiments
convincingly indicate reproducibility of this spectral pattern. These states obviously are not observed
in the PM phase (compare fig. 4.3c). This phenomenon is not well understood yet. A possible ex-
planation might be, that the onset of magnetism itself pins a set of bulk states to the surface. At
Si-termination, the Néel temperature is higher at the surface than in the bulk by almost 70 % [70],
which points to a stabilization of the magnetic ordering at the surface. As pointed out in section 3.2.5,
the Shockley surface state itself might enhance the polarization of the 4 f moments in the subsurface
layer via Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction. A similar mutual interaction might
arise between surface states or surface resonances and local moment ordering at Eu-termination. Ef-
fectively, an attractive potential well might form in the near-surface region, which pins quantized
surface resonances to the surface similar to quantum-well states.
4.3 Discussion
What are the relevance and the implications of our observations on the AFM state of EuRh2Si2 for the
system YbRh2Si2? As discussed in the introduction to this chapter in section 4.1.1, in the debate on
the nature of the field-induced quantum critical point in YbRh2Si2, the evolution of the FS from the
magnetically non-ordered state to the AFM state is a pivotal issue. Most of the discussion has focused
on the possibility of a change in the nature of the quasiparticle, while the effect of the magnetic order-
ing in itself on the FS has not been considered. However, the present observations on EuRh2Si2 show
41 In our calculation, we fixed the 4 f configurations and moment orientations of all Eu atoms including the topmost layer
at the Eu-terminated side. In principle, this outer Eu layer might actually be nonmagnetic, and spin splitting might arise
due to exchange with the fifth Eu subsurface layer. We have not tested this in detail.
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that magnetic ordering results in large changes of the FS through band folding and band splitting.
These results cannot be taken over directly to YbRh2Si2 because the AFM structure of YbRh2Si2 is
yet unknown [237], with the only available information being the size of the ordered moment, which
has been found to be extremely small, of the order of only 0.002 µB/Yb [238]. However, results on
both static and dynamic magnetic properties give indications on the prevailing magnetic correlations
in YbRh2Si2, which reveal numerous similarities to those in EuRh2Si2, as will be exemplified now.
Firstly, recent magnetization studies on slightly Co-doped YbRh2Si2 have shown, that the 4 f mo-
ments lie within the basal plane with a weak out-of-plane canting, which diminishes with decreasing
doping [237]. Thus, it seems reasonable to assume, that the moments in undoped YbRh2Si2 lie in the
basal plane, with an at most vanishingly small component along the c-axis. Similarly, the Eu 4 f 7 spins
lie in the basal plane. Secondly, incommensurate correlations with a wave vector q = (0.14, 0.14, 0)
at 100 meV, right above TN, have been found by inelastic neutron scattering [239]. The authors
suggest, that these correlations evolve into SDW order at TN with the characteristic wave vector q
driven by FS nesting. The ordering in EuRh2Si2 is also incommensurate, albeit not of SDW type
and with a different propagation vector [58]. An electronic instability due to FS nesting might also
promote the incommensurate ordering in EuRh2Si2. As can be seen in figs. 4.3a,b and 4.6a, large
quasi-parallel portions of the Doughnut FS sheet are separated by a vector (0, 0, q) with q ∼ 0.9,
which is slightly larger, but close to the experimentally established propagation vector (0, 0, τ) with
τ = 0.79 [57]. Thirdly and most importantly, both materials give conclusive evidence for a strong
competition between ferromagnetic (FM) and AFM correlations. Strong FM correlations have been
found in YbRh2Si2 from nuclear magnetic resonance [238, 240], magnetic susceptibility and mag-
netization [203, 237, 241] and inelastic neutron scattering [239] experiments. Similarly, EuRh2Si2
orders antiferromagnetically, but a tiny field of just 0.1 T applied along the easy plane is sufficient to
induce an almost saturated state [58]. This implies EuRh2Si2 to be very close to a FM state and thus
indicates a competition between AFM and FM correlations similar to those found in YbRh2Si2. This
is in strong contrast to the systematic behavior observed in the majority of R3+Rh2Si2, R3+Co2Si2
and R3+Co2Ge2 compounds with trivalent magnetic rare earth R3+, which show a very stable A-type
AFM order with an alternating + − + − stacking of the ferromagnetically ordered R3+ planes [242,
and references therein]. Thus in GdRh2Si2 for instance, where the trivalent Gd has the same S = 7/2
local moment as the divalent Eu in EuRh2Si2, the field required to get saturation, i.e. to overcome
the AFM correlations, is of the order 50 T [59, 131], about two orders of magnitude larger than in
the Eu system. This implies the FM state to be energetically far above the AFM state in GdRh2Si2.
To summarize, the available information on the intersite correlations in YbRh2Si2 indicate important
similarities to EuRh2Si2 with divalent Eu, while they are strongly different to homologue systems
with stable-trivalent rare earths.
With the FS being so similar in the PM states of EuRh2Si2 and YbRh2Si2, and the qualitative
similarities in their magnetic correlations, EuRh2Si2 becomes a relevant model system for gauging
the impact of AFM order on the FS of YbRh2Si2. One concern with this approach might be that
EuRh2Si2 is an RKKY-mediated large local moment system, whereas the extremely small ordered
moment of YbRh2Si2 strongly suggests that it should be regarded as a SDW system (here SDW refers
to its original sense as the ordering of delocalized electrons) [238, 239]. However, the shape and the
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resulting changes of the FSs play a similar role in both cases. Because in RKKY exchange the infor-
mation on the polarization from one 4 f site to the next one is transferred exclusively by to conduction
electrons, the generalized susceptibility χ0(q) of the conduction electrons, and therefore e.g. FS nest-
ing properties, is as much relevant for local moment ordering as for the SDW scenario. Accordingly,
modifications of the band structure, at least on a qualitative level, should be very similar in both kinds
of systems. Even if the propagation vector in YbRh2Si2 below TN is not of the same (0, 0, τ) form
as in EuRh2Si2 (for instance, if it were given by the vector q = (0.14, 0.14, 0) of AFM fluctuations
found by neutron scattering [239]), a complex fragmentation of the FS in YbRh2Si2 should certainly
be expected due to band folding and band splitting, in close analogy to EuRh2Si2. Such large changes
in the FS topology cannot be ignored in discussing the anomalies seen in a number of transport prop-
erties at the field-induced QCP in YbRh2Si2, notably in the Hall coefficient [225, 243], which surely
must react to such FS changes. For instance, drastic changes of the FS resembling a small-to-large
transition in the sense of the Luttinger theorem have been observed at a high-field metamagnetic tran-
sition in CeRh2Si2 from an AFM to a PM polarized state [198]. However, this FS reconstruction has
been rather proposed to result from the modification of the BZ upon the magnetic transition without
changing the localized state of the Ce 4 f electron. A similar effect has been observed at the AFM to
field-induced FM transition in EuGa4 [244].
Our results on EuRh2Si2 thus indicate that the formation of the AFM state in YbRh2Si2 very likely
results in strong topological changes in the large FS. Within this picture, the FS changes observed at
the QCP and the T?-line discussed above (p. 73) might be explained by the onset of magnetic or-
der and not a large-to-small transition arising from Kondo breakdown. Theoretical modelling needs
to test, whether these changes could well be sufficient for understanding the anomalous properties
observed at the QCP on entering the AFM state. Folding and splitting of the bands is a priory ex-
pected to affect the thermodynamic and transport properties only within the AFM state, but not the
critical behavior in the paramagnetic regime above TN. However, within this scenario the unconven-
tional critical behavior observed in the paramagnetic regime can e.g. be accounted for by interaction
between fluctuations of the antiferromagnetic order parameter and critically renormalized electron
quasiparticles [245]. More experimental studies of the properties of YbRh2Si2 in the ordered phase
and corresponding microscopic theory making use of the folded FS structure are needed to further
explore this electronic structure model.
4.4 Summary
We have studied the Fermi surfaces for both the paramagnetic and antiferromagnetic phases of
EuRh2Si2 using soft X-ray and UV-ARPES combined with ab initio DFT band structure calcula-
tions. In the PM state we identify the bulk Fermi surface in EuRh2Si2 (with divalent Eu) as being
very similar to the PM Fermi surface of the Kondo system YbRh2Si2 (with nearly trivalent Yb). This
implies, that the Yb 4 f hole fully contributes to the Fermi surface volume, although the valence de-
viates only slightly from 3+. For PM Kondo systems the Luttinger theorem predicts that the f degree
of freedom, in the case of trivalent Yb the 4 f hole, despite its localized character, must be counted in
the Fermi volume, leading to the same Fermi volume as for a homologue compound with a divalent
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rare earth. Our results thus represent a beautiful new experimental visualization of the working of the
Luttinger sum rule.
Furthermore, our ARPES data and our calculations demonstrate that the onset of AFM order leads
to a pronounced fragmentation of the Fermi surface due to band folding and band splitting. The strong
changes between the PM and AFM phases calculated and experimentally observed for EuRh2Si2
indicate that the formation of the AFM state in YbRh2Si2 very likely also results in strong changes in
its large Fermi surface. Therefore, such kinds of changes, as an alternative to changes in the nature of
the quasiparticle in itself due to Kondo breakdown, have to be considered in the controversial analysis
and discussion of the origin of the transport properties observed on crossing the QCP into the ordered
state in this system.
As a final note, an instructive result of this work is the clear demonstration of different sets of
spin-polarized states persisting on two distinct surface terminations of EuRh2Si2. The Si-terminated
surface reveals mainly itinerant magnetism confined to the surface due to the presence of Shockley
surface states, which couple via exchange interaction with the Eu 4 f moments in the fourth layer
below the Si surface. However, the Eu-terminated surface exhibits mainly bulk electron states, which
show strong resonant behavior at the Eu surface. Due to the exchange coupling with the topmost
(or subsurface) polarized Eu 4 f moments these states become themselves spin-polarized in the vicin-
ity of the surface. These results clearly show that a magnetically ordered heterosystem may reveal
profoundly differing magnetic properties at its surface depending on the constituting sorts of surface




Probing the temperature-driven Fermi surface transition by
Compton scattering
5.1 Introduction
In the previous chapter, we have used the divalent compound EuRh2Si2 as a reference system to study
the topology of the large Fermi surface in RERh2Si2 compounds in the absence of strongly renormal-
ized quasiparticles. Comparison with UV-ARPES results on YbRh2Si2 single crystals derived earlier
confirmed that the Fermi surface of YbRh2Si2 at low temperature, i.e. well below the single-ion
Kondo temperature, is indeed large [135, 183]. This result shows that YbRh2Si2 presents itself as a
heavy-fermion compound, where the Kondo lattice formation induces a renormalization of the Fermi
surface in the low-temperature strong-coupling limit. Naturally, the question arises, how the Fermi
surface is affected by increasing temperature when the effective hybridization between the localized f
moments and the conduction electrons is weakened and the Kondo lattice evolves towards the weak-
coupling limit. In this chapter, we will study possible changes in the Fermi surface of YbRh2Si2
between a low temperature well in the Kondo lattice regime and room temperature sufficiently above
the anticipated coherence temperature by high-resolution Compton scattering.
As discussed in section 2.2 and section 4.1, according to Luttinger’s sum rule, the Fermi surface
(FS) volume of a rare-earth based Kondo lattice should accommodate the additional local f moment in
the strong-coupling limit, when it is quenched by the Kondo screening and couples to the conduction
bands [40, 41, 43]. This accommodation is realized by the formation of dispersive heavy quasiparticle
bands at the Fermi level and a concomitant shift of the Fermi wave vector, which results in a crossover
from a small to a large FS. Notably, the electronic (hole-like) Fermi volume increases by an integer
electron (hole) in the case of Ce (Yb) intermetallics even though the valence deviates from unity in
both cases only by a tiny fraction, which underlines the true many-body nature of this anticipated
phenomenon. Coleman [39] and Zwicknagl [44] soon afterwards suggested, that the transition from
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the strong-coupling to the weak-coupling regime with increasing temperature should as well induce
a broad crossover of the Fermi surface volume from large to small.42
In spite of the general acceptance of this concept, clear experimental evidence of how and at which
temperature scale the f electron degrees of freedom in a rare-earth-based Kondo lattice material
decouple from the Fermi surface, is still very scarce. Numerous evidence has been found for a small-
to-large Fermi surface transition and thus the working of Luttinger’s theorem at very low temperatures
in mostly Ce-based Kondo lattices as a function of pressure or magnetic field, although some of these
findings had to be reconsidered as Lifshitz transitions due to Zeeman splitting [182, 190, 194, 246–
248]. A more detailed review of these experimental results has been presented in section 4.1.
At the same time, only few evidence of such a Fermi volume transition as a function of temper-
ature could be clearly traced to date experimentally. On the other hand, various thermodynamic,
transport and spectroscopic experiments point to characteristic temperature scales associated with the
emergence of Kondo lattice coherence. A brief review of notable experimental results targeting the
temperature-driven evolution of the Fermi surface in a couple of Kondo lattices and relevant temper-
ature scales in YbRh2Si2 will be given in the next section. However, a precise understanding of the
relationship between the coherence temperature scale and the formation of the large Fermi surface
is still lacking to date [249]. The formation of composite quasiparticles and the related temperature
and energy scales is at the core of the physics of strongly correlated materials in general and Kondo
and heavy-fermion systems in particular. It is especially noticeable, that the emergence of the bound
states between localized moments and conduction electrons in Kondo lattices shows a strong analogy
to the formation of Cooper pairs in superconductors [27, 45]. But while the emergence of supercon-
ductivity with temperature and its implications for the Fermi surface has been exhaustively studied,
the formation of the composite quasiparticles in Kondo lattices starting from independent localized
moments at high temperatures and the emergence of the heavy-fermion state is yet poorly understood
and experimental insight is notably scarce. In particular, an immediate visualization of the recon-
structing Fermi surface from large to small with increasing temperature could not be achieved so far
experimentally in an Yb-based heavy-fermion material.
Angle-resolved photoemission spectroscopy and the observation of quantum oscillations are the
most common techniques to map the FS of a metallic system. However, these methods impose certain
restrictions on the experimental conditions and the accessible phases of the material. Quantum oscil-
lations require very low temperatures and high magnetic fields of several Tesla. However, YbRh2Si2
is already driven through the quantum-critical point (QCP) at a small field of ∼ 60 mT [67]. Quan-
tum oscillations are thus inherently not able to access the FS of YbRh2Si2 on the antiferromagnetic
(AFM) side of the QCP and to explore its temperature evolution. ARPES on the other hand gives
results with satisfying resolution only below temperatures of approximately 100 K due to thermal
broadening effects [183].
A well suited and complementary method to access information on the FS topology at zero field
and room temperature is the measurement of high-resolution Compton profiles (HRCPs) for the
derivation of the electron momentum density (EMD) and the subsequent construction of the elec-
tron occupation number density (EOND) [250, 251]. HRCP measurements are photon-in photon-out
42 We will discuss the relevant temperature scales for this predicted phenomenon in more detail in the next section.
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experiments employing high-energy photons of about 100 keV. Hence they give truly bulk-sensitive
information on the electron momenta in the solid, which is in contrast to ARPES for instance where
the short electron-mean free path is strongly limiting the probing depth. Furthermore, photoemission
matrix element effects in ARPES may attenuate excitations from electronic states of certain symme-
try and orbital character and thus give an incomplete picture of the FS. Compton scattering (CS),
by contrast, probes all electrons on an equal footing giving a full account of the EMD in the sam-
ple, from which the shape of the FS can in principle be derived. In a heavy-fermion compound like
YbRh2Si2, the FS is defined by subtle hybridization of itinerant conduction electrons with localized
4 f moments. Any changes of the FS topology, which are attributed to the interplay of these two
distinct sets of electronic states, should thus be detectable by CS, a method equally sensitive to all
electrons.
In the present study we have performed HRCP measurements to visualize the evolution of the FS
of YbRh2Si2 with temperature. As a reference, we have additionally carried out HRCP measure-
ments on the well-studied compound YbCo2Si2 and compared the reconstructed EOND to ab-initio
band structure calculations. Our experimental results show pronounced changes in the electron mo-
mentum density and the resulting EOND of YbRh2Si2 between 14 K and 300 K. The persistence of
the large Fermi surface in YbRh2Si2 up to temperatures of 100 K was previously demonstrated with
ARPES [183]. In line with these earlier results we find that the EOND of YbRh2Si2 at 14 K strongly
deviates from that of YbCo2Si2, the reference compound for the small Fermi surface. By contrast,
going to room temperature the EOND of YbRh2Si2 significantly changes and resembles the one of
YbCo2Si2. For the reference system YbCo2Si2 with well-localized 4 f moments we observe no sig-
nificant changes of the EOND between 14 K and 300 K in agreement with expectations. We conclude
that the temperature-driven EOND changes in YbRh2Si2 result from a complex reconstruction of the
electron momentum density and a concomitant evolution of the Fermi surface from large to small with
increasing temperature. This long-sought direct observation of the temperature-driven Fermi surface
reconstruction in an Yb Kondo lattice in general, and in YbRh2Si2 in particular, proves the validity
of theoretical predictions [39, 44, 46, 47, 249] and sets a clear frame for the crossover temperature
scale in YbRh2Si2. These results might help to further advance our understanding of the microscopic
origins of the complex Kondo crossover phenomenon.
5.1.1 Characteristic temperature scales in YbRh2Si2
In Kondo lattices, the temperature scale, where the transition from a small Fermi surface comprising
only the light conduction electrons to a large FS, which includes the delocalized f degrees of free-
dom, takes place, has commonly been associated with the coherence temperature Tcoh, which marks
the onset of lattice coherence effects [27, 45–47]. It seems natural to assume that the emergence of
coherent heavy quasiparticles requires most of the Kondo scatterers to be in an identical state, i.e. to
occupy the same crystal-field ground state doublet, which sets the single-ion Kondo temperature TK
of the lowest-lying Kramers doublet as an upper bound for the coherence temperature [252]. Various
theories including dynamical mean field theory (DMFT) and slave-boson treatments of the periodic
Anderson model (PAM) indeed found Tcoh to be smaller [45–47, 253] or at least comparable [254–
256] to TK. However, the definition of the characteristic temperature scales in Kondo lattices, in
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particular the Kondo and coherence temperatures TK and Tcoh, respectively, is far from unanimous
and may vary by up to an order of magnitude [47]. Furthermore, different experimental probes might
reveal distinct characteristic temperatures, even though a unified physical phenomenon might be un-
derlying [253, 257].
Experimentally, the onset of lattice coherence is usually inferred from a characteristic maximum
in the temperature dependence of the resistivity ρ(T ) — a common feature in Kondo lattices, which
is usually interpreted to mark the emergence of coherence effects with decreasing temperature in the
initially incoherent Kondo scattering due to the periodicity of the magnetic impurities [249, 258].
Such a behavior is in marked contrast to single impurity Kondo systems where ρ(T ) continuously in-
creases towards low temperatures. This strong decrease in ρ(T ) in Kondo lattices indicates decreasing
incoherent spin scattering, which was assumed to correspond to the onset of coherence between the
individual Kondo ions forming the lattice. Accordingly the temperature where this decrease sets in
was taken as ‘coherence temperature’. In YbRh2Si2, the resistivity starts to drop around Tmax∼100 K
[66, 78, 202].43 The temperature scale of the resistivity maximum qualitatively coincides with the on-
set of a narrowing of the Drude peak below 80 K and the formation of a pseudogap around 80–160 K
in the optical conductivity [204, 205]. Further anomalies at comparable temperature scales have been
found in the anomalous Hall effect [259] signalling a qualitative change in the skew scattering and
in time-resolved ARPES [260] revealing a change in slope in the temperature dependence of the f –d
hybridization. However, comparative studies on Yb-doped LuRh2Si2 samples have shown that the
initial resistivity drop at Tmax might result from a depopulation of excited crystalline electric field
(CEF) levels, while the onset of lattice coherence would drive the decrease in resistivity at lower tem-
peratures [202]. The first excited crystal-field doublet located at 17 meV ('200 K) [23] indeed shows
up as a weak Schottky anomaly around 60 K in the specific heat [66] indicating that CEF effects play
a significant role in the electronic properties at these intermediate temperatures. On the other hand,
a strong reduction of Tmax observed in resistivity measurements on YbRh2Si2 under hydrostatic and
chemical pressure (via Co doping) points to Kondo lattice effects as a major origin of the resistivity
maximum [77, 261].
From thermopower and specific heat measurements, single-ion Kondo temperatures for the full
Yb3+ J =7/2 multiplet of T highK = 80–100 K and for the lowest-lying crystal-field doublet of TK∼25 K
have been found [66, 193, 202]. Scanning tunneling spectroscopy (STS) measurements have revealed
the emergence of a peak at ≈−6 meV in the tunneling conductance below Tcoh∼30 K — in addition to
features associated with the local Kondo effect and CEF excitations — which has been attributed to the
formation of spatially coherent heavy-fermion states, i.e. at a temperature almost equal to the single-
ion Kondo temperature of the lowest-lying CEF level TK and markedly lower than the temperature
scale Tmax of the resistivity maximum [134]. A subsequent STS study found that coherent Kondo
lattice effects become dominant at an even lower temperature of ∼3.3 K≈0.1 TK [206] in accordance
with theoretical predictions [46, 256].
Several recent ARPES results on YbRh2Si2 and CeCoIn5 have revived the debate on the incon-
clusively resolved issue of the temperature scale, where the localized-to-itinerant crossover of the f
43 Often, Tmax is also labeled T?, although the nomenclature is vastly inconsistent across the literature. We will keep this
naming throughout this chapter to prevent confusion with the T? crossover line found in the B – T phase diagram of
YbRh2Si2 (compare section 4.1.1).
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states takes place [36, 183, 236, 260]. In YbRh2Si2, the spectral weight at the Fermi level probed by
ARPES unexpectedly reflects a large FS even at a temperature of 100 K [183], which is substantially
higher than the coherence temperature Tcoh found by STS and comparable to Tmax, where coherence
effects where expected to just set in. This finding seems to contrast the analysis of laser ARPES re-
sults on YbRh2Si2 [262], which yielded the development of a narrow quasiparticle peak right below
the Fermi level at temperatures .T ARPEScoh ∼50 K. This peak was proposed to evidence the emergence
of collectively hybridized heavy electrons in the framework of a phenomenological two-fluid model
[215]. Within this model, an order-parameter-like term describing the partial hybridization of local
moments with the conduction electrons enters the quasiparticle density of states. However, according
to this model, this collective hybridization should vanish above a coherence temperature T tfcoh, which
for YbRh2Si2 had been previously estimated at (70 ± 20) K [257], in contradiction to the experimen-
tal observation by Kummer et al. of a renormalized, large FS at a temperature above T tfcoh [183]. On
the other hand, time-resolved ARPES experiments showed, that f –d hybridization in YbRh2Si2 per-
sists at least up to 250 K [260]. Likewise, Jang et al. report combined ARPES and DMFT studies on
CeCoIn5 showing, that low-energy f -spectral weight and enhanced effective band masses survive at
temperatures of up to ∼200 K [236] which is substantially higher than 45 K, where the onset of spa-
tial coherence in this heavy-fermion superconductor has been deduced from transport measurements.
Similar conclusions have been drawn from an ARPES study on the same compound by Chen et al.
[36].
All these findings suggest, that thermally populated higher CEF levels might play a significant
role in the determination of the Fermi surface crossover scale, which appears to be shifted to higher
temperatures compared to the the transport coherence temperature Tmax. Furthermore, Jang et al.
point out, that coherence effects develop not just below the resistivity maximum but already at higher
temperatures where deviations from the − ln T increase in resistivity upon cooling due to increasing
impurity spin-flip scattering start to appear. This would shift the expected onset of Kondo lattice
coherence effects and the presumably associated increase of the FS volume in YbRh2Si2 to tempera-
tures well above ∼ 100 K where the resistivity maximum was observed [66, 78]. Finally, it has been
proposed that the formation of the large FS is in fact not linked to the coherence or Kondo tempera-
ture derived from experimental probes interacting with spin degrees of freedom such as transport and
entropy measurements [183, 260]. Therefore, the central question still remains unresolved, at which
temperature scale the crossover from the large to the small FS in YbRh2Si2 finally takes place.
5.1.2 YbCo2Si2 as reference for the small Fermi surface
By crystallizing in the ThCr2Si2 structure, YbCo2Si2 is isostructural and isoelectronic to YbRh2Si2.
Due to the smaller size of the Co atoms, replacing Rh by Co induces positive chemical pressure,
which in Yb-based alloys leads to a stabilization of the 4 f 13 configuration and thus to a weakening
of the Kondo screening. The Yb ions in YbCo2Si2 can be considered to be stable trivalent with
a well localized 4 f moment at virtually all temperatures [227, 263]. In the Doniach phase diagram,
YbCo2Si2 therefore resides far on the magnetically ordered side, where the RKKY interaction outruns
the rather weak Kondo coupling. As a result, antiferromagnetic order sets in already at (TN = 1.7 K),
which is about two orders of magnitude larger than in YbRh2Si2, and exceeds the estimated Kondo
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temperature of (TK.1 K) [77, 118]. Although signatures of weak 4 f hybridization show up at lowest
temperatures, they do not lead to coherent Kondo scattering effects with the formation of renormalized
heavy quasiparticles leaving the FS small [79, 118, 264]. Therefore, YbCo2Si2 is an ideal reference
system for a comparison with YbRh2Si2, with well-localized 4 f electrons without sizable Kondo
interaction.
5.2 Experimental details
The high-resolution Compton profile measurements were performed on beamline BL08W at the
SPring-8 synchrotron in Japan on high quality YbRh2Si2 and YbCo2Si2 single crystals.We used lin-
early polarized X-rays of 115.56 keV energy and set the scattering angle to about 165.5 degrees.
Further details on the general beamline setup can be found in section 2.9.1.
To reconstruct the two-dimensional (2D) EMD, five directional Compton profiles were measured
at evenly spaced intervals between the [100] and the [110] axes. The measured HRCPs were care-
fully corrected for scattering cross section, background, multiple scattering and X-ray absorption in
the sample.44 X-ray fluorescence from a mixture of Bi and Tl was used for energy calibration. The
fluorescence lines were corrected for CCD image distortion45. The energy scale was converted to the
momentum scale with a momentum resolution of 0.096 (0.113) a.u.46 full-width-at-half-maximum
for YbRh2Si2 (YbCo2Si2) determined by the energy resolution of the monochromator and spectrom-
eter and by the angular resolution. Prior to reconstructing the momentum density, each HRCP was
normalized by the electron number within the measured momentum range, which was estimated by
using Hartree-Fock profiles [266]. From the five normalized HRCPs, the 2D EMD was reconstructed
using the direct Fourier-transform method [115, 267] and expanded according to the crystal symme-
try. Finally, the EOND obtained by Lock-Crisp-West (LCW) folding [116] was projected onto the
kx − ky plane resulting in the projection of the Fermi volume from all contributing FSs onto a grid of
23 × 23 k-points within the first 2D BZ.
5.3 Results
5.3.1 Directional Compton profiles
To begin with, we take a look at the directional Compton profiles shown in fig. 5.1, which were
used to reconstruct the EONDs presented in the subsequent sections. From the difference profiles it is
immediately evident, that the Compton scattering response for YbRh2Si2 differs significantly stronger
between 300 and 14 K than for YbCo2Si2. In YbCo2Si2, the HRCPs remain nearly unchanged with
temperature, with slightly significant deviations observable only for the 0° ([100]) direction. These
differences appear to be just barely larger than the error tolerance. Possible causes of these small
deviations will be discussed below in section 5.3.3.
44 The Compton profile corrections were performed by Akihisa Koizumi (University of Hyogo, Japan).
45 CCD: charge-coupled device
46 Throughout this chapter, momenta will be given in varying units. Hereby, 1 a.u. = 1/a0 = 1.8897 Å
−1
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Figure 5.1: Directional Compton profiles of YbCo2Si2 (left column) and YbRh2Si2 (right column)
measured at temperatures of 14 K (top row) and 300 K (middle row). For each compound and tem-
perature, five Compton profiles were taken along five evenly distributed directions (with labels 11◦
=̂11.25◦, 22◦ =̂ 22.5◦, 33◦ =̂ 33.75◦) between 0 and 45° relative to the [100] direction in the 2D
kx – ky plane, i.e. the 45° orientation corresponds to the [110] direction. All data sets are given in
electrons/a.u. The bottom row shows the difference for each direction between the profiles taken at
300 and 14 K. For the sake of clarity, an estimate of the statistical error is indicated only for 45°,
while it is comparable for the other directions.
In contrast to YbCo2Si2, the HRCPs of YbRh2Si2 show a pronounced evolution with tempera-
ture, which is particularly strong along the [110] direction. At 14 K, the directional profiles for both
compounds differ substantially. The largest deviations can be observed along [110] and 11.25° off
the [100] direction, while the HRCPs along other directions like [100] and 33.75° are fairly similar.
As each HRCP represents a projection of the three-dimensional EMD onto a single line along the
particular direction, direct conclusions about the shape of the underlying FS can hardly be drawn.
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However, the FS of YbRh2Si2 between 1 K and 100 K has already been probed by ARPES measure-
ments and is known to be large in the sense that it involves the degree of freedom of the 4 f hole [183].
Likewise, the FS of YbCo2Si2 has been shown to be small down to at least 11 K due to the negligibly
weak Kondo effect [79]. On a purely qualitative level, the huge difference between the HRCPs of
YbRh2Si2 and YbCo2Si2 at 14 K can therefore be attributed to the previously observed difference in
the FS volumes.
Upon heating to 300 K, the EMD appears to evolve significantly for YbRh2Si2, while for YbCo2Si2
it remains similar to the one at low temperature. Moreover, the HRCPs of YbRh2Si2 at room temper-
ature seem to resemble the Compton profiles of YbCo2Si2, with the only notable deviation being the
profile along 11.25°. The observation, that the YbRh2Si2 Compton profiles not only change substan-
tially with temperature, but evolve towards a distribution similar to that in YbCo2Si2 is particularly
remarkable, as it suggests a reconstruction of the FS within the investigated temperature range ending
up with an electron density at 300 K resembling the one of YbCo2Si2.
The qualitative analysis of the raw Compton scattering data provides a first indication, that the
EMD and thus the underlying FS of YbCo2Si2 does not undergo substantial changes between 14 and
300 K. In contrast, the EMD in YbRh2Si2 deviates notably at low temperature from the reference
compound YbCo2Si2 and evolves upon heating towards an EMD, which appears to be similar to
the one in YbCo2Si2. This is a first hint, that the FS of YbRh2Si2 might resemble the small FS of
YbCo2Si2 at room temperature. To validate this hypothesis, we will analyse the data in more detail
in the following sections by reconstructing the EOND from the directional Compton profiles.
5.3.2 Small Fermi surface in YbCo2Si2
As pointed out in section 5.1.2, YbCo2Si2 can serve as an ideal reference for the small FS topology
and the resulting EOND, which can be expected for a small FS.47 Before we start the discussion of
our theoretical and experimental results on the reference compound YbCo2Si2, it is helpful to recall
the topology of its bulk FS, which has already been published earlier [79] and is shown in fig. 5.3a.
The electronic structure of this material in the paramagnetic phase was calculated within density
functional theory (DFT) in the generalized-gradient approximation [268] using the FPLO code [114].
Further calculational details are given in appendix A. To account for the well-localized paramagnetic
4 f moments, we employed a fixed, non-magnetic 4 f 13 configuration by using an open-core approx-
imation. In analogy to the Fermi surfaces of EuRh2Si2 and YbRh2Si2 (see section 4.2.1), the FS of
YbCo2Si2 is formed by two distinct bands: the Doughnut D, a large hole pocket centered around
the Z-point in the first bulk Brillouin zone (BZ), and the Jungle-gym J , a largely interconnected
sheet across the whole k-space. Depending on the employed zSi parameter for the Si atoms an ad-
ditional, small electron pocket around Γ, usually termed the Pillbox P, can be present [269]. This
becomes apparent from the calculated electronic structure of paramagnetic YbCo2Si2 presented in
fig. 5.2 showing only bands crossing the Fermi level and the Pillbox band. In our band-structure
calculations we used the Wyckoff position component zSi = 0.379 c, for which the band forming the
47 The question might arise, whether the band structure of YbCo2Si2 can indeed serve as an isoelectronic reference for
the assumed high-temperature small-FS limit of YbRh2Si2, or if minor differences in the electronic structures of the
light conduction bands might hamper a quantitative comparison. We clarify this issue with a side-by-side comparison of











Figure 5.2: Calculated band structure of YbCo2Si2. The result strongly resembles the band structure
reported for LuRh2Si2 in ref. [269]. The two bands contributing to the Fermi surface are the Dough-
nut D (green solid line) and the Jungle-gym J (blue dashed line). The red dotted band would cross
the Fermi level, if the Wyckoff component zSi of the Si atom were smaller than 0.377 c. It would then
form a small electron pocket, usually called the Pillbox P, around the Γ-point in the region encircled
by the black dashed ovals. The Fermi level crossings ofD andJ (within the purple dashed oval) will
be subject of a simple hybridization model discussed in section 5.5.
Pillbox is pushed above the Fermi level and does not contribute to the Fermi surface. This value for
the zSi parameter is motivated by results from previous quantum oscillation experiments on LuRh2Si2
and single crystal structure refinement on YbRh2Si2 and LuRh2Si2 [232] and, as shown below, also
yields the best agreement with our experimental results.
It is worth noting that a recent crystal structure refinement from X-ray powder diffraction measure-
ments on YbCo2Si2 yields a much smaller zSi = 0.365c value [264]. As the zSi component defines the
distance between the Co and Si planes and therefore strongly affects the overlap of atomic orbitals
along the c-axis, it predominantly affects band dispersion along the Γ – Z direction. In our calcula-
tions (not shown here), such a small Co-Si distance as proposed by the crystal structure refinement
would yield a huge cuboid Pillbox electron pocket around the Γ-point and an enlarged square-shaped
‘punched hole’ through the Doughnut sheet. However, both the previous ARPES results and the
reconstructed experimental EOND for YbCo2Si2 presented below do not agree with such a severe de-
parture of the electronic structure from the one calculated for a zSi-value closer to 0.375 c or 0.380 c
(see the discussion in section 5.3.3). We therefore stick with the Si position reported for YbRh2Si2.
In fig. 5.3b, a previously obtained UV-ARPES map of the FS measured from a Si-terminated
crystal at 11 K is depicted for reference and compared to the projection of the calculated bulk FS along
kz, the crystal momentum component parallel to the surface normal [79]. The open-core approach
proved to lead to a perfect agreement between the calculated and ARPES-derived electronic structure
of the valence bands, as can be seen in fig. 5.3b. Note, that we projected the pure bulk FS in the lower
part of the panel omitting any surface-related states. Thus the sharp diamond-shaped band within
the projected gap around the M-point in the ARPES results, which has been shown to be a Shockley
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Figure 5.3: Fermi surface of YbCo2Si2. (a) 3D representation of the calculated FS. The blue and
yellow sides point towards occupied and unoccupied states, respectively. Consequently, D is a hole
surface and J a largely interconnected sheet. The square marked by the dashed line indicates the
projected 2D BZ. (b) Upper half: projected FS obtained by ARPES from a Si-terminated crystal [79].
Lighter shades correspond to higher photoemission intensity. Lower half: theoretical projected FS
from a pure bulk calculation corresponding to the FS in a). The D FS sheet is highlighted in red. (c)
Calculated EOND for YbCo2Si2 projected onto the kx − ky plane. Except for the upper left quadrant,
the 2D-EOND has been convoluted with the experimental resolution of 0.113 2πa full-width-at-half-





. The integral of the
EOND over the projected BZ, which reflects the FS volume, adds up to one hole. The solid and
dashed contour lines mark the levels of −0.01 (just below the maximum value of the plateau) and −1






surface state48 [57, 79], is not reproduced in the calculation. Furthermore, the ARPES experiment
could not conclusively clarify whether the Pillbox P is part of the FS at Γ or not, because this region
is masked by a strong surface resonance giving rise to the bright ring-shaped intensity around Γ in the
ARPES map. Apart from these two surface-related states, the calculated bulk FS agrees remarkably
well with the FS obtained by ARPES. As hybridization of the purely spd-derived valence band with
the frozen 4 f core states is suppressed in our calculation, the FS does not count the localized 4 f hole
and is consequently small. The ARPES experiments thus demonstrated the existence of the small FS
with a localized 4 f moment in YbCo2Si2. The band structure calculation clearly traces the topology
and size of the FS of YbCo2Si2 with high accuracy and can be used as reliable starting point for the
calculation of its EOND.
In fig. 5.3c we show the calculated EOND of paramagnetic YbCo2Si2.49 The band structure
48 The analogous surface state in GdRh2Si2 has been comprehensively discussed in chapter 3.
49 For calculational details see appendix A.
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calculation used for the construction of the EOND is the same as the one underlying the projected
FS in fig. 5.3b. The EOND sums up all occupied states from the two contributing FS sheets. With a
trivalent Yb ion, YbCo2Si2 is an uncompensated metal, i.e. the electron and hole contributions to the
Fermi surface do not add up to zero. The hole-like character of the Doughnut D and the Jungle-gym
J is evident from the total number of occupied states contained in each band, which account to 1.75
for D and 1.23 for J , summing up to a total FS volume of one hole.50 These numbers are in perfect
agreement to the values obtained in ref. [270] for YbRh2Si2 with localized 4 f states. The theoretical
EOND in fig. 5.3c shows a large area of unoccupied states with increasing negative contribution
towards the BZ center from bothD andJ and a small circle of elevated electron occupation at Γ from
the topological hole inD. The integral of the calculated EOND over the projected BZ corresponds to
the FS volume and amounts to one hole or −1 electron.51 The electron density reaches a maximum
plateau around the M-point, where all EOND variations vanish as no bands cross the Fermi level in
this region. As the calculated electronic structure has already proven to be in good agreement with the
ARPES results, the calculated EOND of YbCo2Si2 can reasonably be assumed to be a valid reference
for the EOND of the small FS.
5.3.3 Experimental EOND in YbCo2Si2 at low and room temperature
From the measured HRCPs of YbCo2Si2 and YbRh2Si2 we reconstructed the EMDs at 300 K and
14 K as described in section 2.8.4 and in the experimental eetails (section 5.2). A representation of
the resulting projected 2D EMDs can be found in appendix D.2. The respective EONDs have subse-
quently been derived via LCW folding. The lower temperature of 14 K is sufficiently below the tem-
perature Tcoh∼30 K of the observed onset of spatial coherence in YbRh2Si2 in tunneling spectroscopy
[134] and far below T ∼100 K, where the large FS could still be observed by ARPES. YbRh2Si2 can
therefore safely be assumed to have a large FS at this low temperature. The experimental results are
depicted in fig. 5.4. Note that the experimentally obtained EONDs include a large isotropic back-
ground from Compton scattering by core electrons and valence electrons from fully occupied bands
[271]. Due to the different number of total electrons per unit cell, this background contribution is
different for YbCo2Si2 and YbRh2Si2. In fig. 5.4 we account for this background and thus make the
EONDs of the two systems comparable by showing them with respect to the experimentally observed
mean electron density for each compound, which is independent of temperature.
The EONDs of YbCo2Si2 at 300 K and 14 K in fig. 5.4, left column, are very similar and, apart
from a constant offset, in good agreement with the theoretical EOND in fig. 5.3c. The experimental
EONDs are dominated by two contributions. The first contribution can be found in the corners of the
50 The small deviation from exactly 1.0 hole is due to a rounding error made in the input of the band structure code where
we fixed the occupancy of the unpolarized 4 f shell to 0.93× 14 electrons. This results in 0.02 excess electrons in the 4 f
orbital, which are therefore missing in the valence band.





with the unit cell volume vc and the number of electrons per unit cell ntot. As a consequence, completely filled bands do
not contribute to the Fermi volume, and the sum of the volumes of all Fermi surface sheets corresponds to the number of
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+132.72  (YbRh2Si2)T = 300 K
T = 14 K
Figure 5.4: Projected experimental 2D EONDs of YbCo2Si2 and YbRh2Si2 at 300 K and 14 K. Each
EOND map has been reconstructed from five directional HRCPs. To ease comparison between the two
systems, the maps are shown with respect to the mean electron density indicated above the colorbar
for both compounds.
projected BZ, where mostly occupied states pile up. These fully occupied parts are well reproduced in
the calculation. The large, light-coloured diamond centered around the Γ-point and reaching up to the
X-points can be attributed to the cumulated hole-like contributions of the DoughnutD and the Jungle-
gymJ . To enable a more quantitative comparison with the calculated EOND, we removed a constant
offset from each of the experimental occupation numbers of YbCo2Si2 such that the integrated EOND
adds up to one hole, i.e. to the same value as in the calculation. The resulting EONDs are shown in
the left column of fig. 5.5. With this normalization, the similarity between the experimental EOND
map of YbCo2Si2 at 14 K and the calculation in fig. 5.3c becomes more evident due to the matching
electron density scales. An important observation is, that the YbCo2Si2 EOND does not significantly
change upon increasing the temperature to 300 K and essentially retains its shape corresponding to
the underlying small FS. The slight changes in electron density observed between 14 and 300 K are
within the experimental uncertainties.
There could be actually a physical reason why the CS response in YbCo2Si2 may not exactly be
the same at low and room temperature. In a recent resonant X-ray emission spectroscopy experiment
[227] minute changes in the Yb valence between low and room temperature even in the nominally
stable trivalent YbCo2Si2 were observed, which were about a factor of 10 smaller than in YbRh2Si2.
Hence it is possible, that even the FS in YbCo2Si2 shows a very small variation between low and
room temperature. A second aspect is that at room temperature the FS is not a well defined concept
anymore. The separation between occupied and unoccupied states is smeared out by about 4 kBT ,
which should have a small, but measurable effect on the CS profiles. The important point is, how-
ever, that if there are differences due to electronic interactions between the low and high temperature
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T = 14 K
Figure 5.5: Projected experimental 2D EONDs of YbCo2Si2 and YbRh2Si2 at 300 K and 14 K nor-
malized to the expected Fermi volume. For YbCo2Si2 (300 and 14 K) and YbRh2Si2 at 300 K the zero
level is set to result in an integrated value of −1 electrons, i.e. one hole. The large FS of YbRh2Si2
at 14 K can be assumed to be compensated and the zero level of the EOND is therefore set to give an
integrated value of zero. In all EOND maps, solid and dashed lines trace the 0 and −1 electrons per
( 2πa )
2 contours.
situation. We will show that YbRh2Si2 behaves very differently and displays a strongly changing
EOND between 14 K and 300 K.
In fig. 5.6, we show cuts through the 2D BZ along M – Γ – X for all EOND maps both referenced to
the mean electron densities and to the Fermi volumes, which corresponds to the display in figs. 5.4 and
5.5, respectively. A range of calculated EOND profiles of YbCo2Si2 obtained for different distances
between the Si and Co planes (defined by the zSi positions of the Si atom within the unit cell) and
broadened with the experimental resolution are added for comparison.
Notably, the shape of the calculated profiles around Γ and X varies substantially with zSi. For
instance, the electron density for zSi = 0.375 c increases markedly around the Γ-point, in contrast to
the EONDs for zSi = 0.379 c and 0.380 c. Furthermore, the profile for zSi = 0.375 c remains flat along
the second half of the path between Γ and X, while it almost smoothly increases in all experimental
EONDs except for the YbRh2Si2 14 K EOND cut. The overall agreement between the theoretical and
experimental EOND profiles of YbCo2Si2 and YbRh2Si2 at 300 K is much better for zSi =0.379 c and
0.380 c than for the often implicitely assumed generic coordinate 0.375 c with the exception of the
region around the M-point, where the experimental EOND is systematically larger than any of the
theoretical predictions. In the calculation the EOND around M has a flat plateau indicating constant
electron occupation with no bands crossing the Fermi level along kz, whereas the measured EOND
immediately drops with an almost constant slope from M towards Γ. This might be related to a
possible overshooting artefact of the reconstruction procedure discussed in appendix D.4.
104
a b



























































Figure 5.6: EOND cuts along M – Γ – X for YbCo2Si2 and YbRh2Si2 at 300 K and 14 K. In a), the
EOND is given relative to the mean electron density. In b), the same offsets have been applied as
in fig. 5.5, i.e. for YbCo2Si2 (300 and 14 K) and YbRh2Si2 at 300 K the zero level is set to result in
an integrated value of −1 electrons, i.e. one hole. For YbRh2Si2 at 14 K, the EOND is normalized
to add up to zero electrons. The errorbars have been estimated by propagating the statistical error
of ±0.2 − 0.3% in the Compton profiles through the reconstruction algorithm and Lock-Crisp-West
folding (for details see appendix D.3). For clarity we only show errorbars for one curve as they are
very similar for all EONDs. The green, red and purple solid lines show the calculated EOND profiles
of YbCo2Si2 for three different positions (0, 0, zSi) of the Si atom within the unit cell.
In fig. 5.7, we show a comparison of theoretical projected 2D EONDs calculated for YbCo2Si2
for all three zSi positions. In our calculations, a third band crosses the Fermi level for zSi ≤ 0.377 c,
which leads to the formation of a small electron pocket around the Γ-point, the so-called Pillbox as
already introduced in section 5.3.2 (see e.g. fig. 5.2), and a narrow pillar structure in the Jungle-gym
along Γ – Z. The resulting FS shape is very similar to the small FS calculated for LuRh2Si2 [182].
The Pillbox constitutes a third FS sheet and is only present for Si-Co layer distances below a certain
threshold, similar to what has been found for LuRh2Si2 [232, 269]. We note, that the particular value
of the zSi threshold might slightly depend on the implementation details of the band structure code and
on the used lattice parameters. The calculated contribution of the Pillbox to the EOND is shown in
fig. 5.7 in the top row (zSi =0.375 c). For this zSi value, the pillar along Γ – Z in the Jungle-gym would
also increase the projected EOND around the Γ-point, which in conjunction with the Pillbox leads to
the pronounced bump in the EOND around Γ seen in fig. 5.6b. For zSi > 0.377 c, the Pillbox and the
Jungle-gym pillar disappear and the calculated EOND bump around Γ is significantly diminished. The
residual peak in electron density arises from the topological hole in the Doughnut sheet. The EOND
cuts for zSi =0.379 c and 0.380 c agree significantly better with the experimental results of YbCo2Si2
than for 0.375 c. From the missing EOND bump around Γ in the experimental results we infer, that
the Pillbox band does not cross the Fermi level in YbCo2Si2 and the zSi parameter is therefore at least
0.377 c or larger. From fig. 5.7 it is evident, that the Doughnut is barely affected by the zSi value, while
the Jungle-gym and its contribution to the EOND noticeably changes even for small differences of
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Figure 5.7: Contributions from the three possible Fermi surface sheets (Doughnut, Jungle-gym and
Pillbox) to the calculated EOND of YbCo2Si2 for three different crystallographic positions (0, 0, zSi)
of the Si atom.
better agreement between the calculated and experimental EONDs of YbCo2Si2 for zSi =0.379 c.
The experimental profiles for YbCo2Si2 at both temperatures show very similar shapes within
our experimental accuracy and have found to agree qualitatively well with the calculated profile for
zSi =0.379 c except around the high-symmetry point M, as discussed above, and Γ. Indeed, around the
Γ-point, only the 300 K EOND of YbCo2Si2 agrees quantitatively well with the calculation. However,
from the error maps of the reconstructed EONDs shown in appendix D.3 it is evident, that the exper-
imental error is typically largest around the BZ origin. We therefore conclude, that the agreement
between the experimental and calculated EOND profiles for YbCo2Si2 is reasonably good.
To summarize, according to our CS experiment, the FS of YbCo2Si2 does not change in shape and
volume from 300 K to the lowest measured temperature of 14 K. From the temperature independence
of the experimental EOND and its similarity to the calculated EOND, we conclude, that our CS
experiment detects a stable, small FS in YbCo2Si2 at low and room temperature, in agreement with
previous low temperature ARPES results [79].
5.3.4 Experimental EOND in YbRh2Si2 at low and room temperature
From our data on YbCo2Si2 we have established the shape of the EOND which can be expected for
the small FS. We now turn to the CS results for YbRh2Si2 which were obtained in exactly the same
way as for YbCo2Si2. The two resulting EONDs referenced to the mean electron density are shown in
the right column of fig. 5.4. Comparing the EOND at 14 K with the 300 K result, the EOND and thus
the FS in YbRh2Si2 appears to undergo drastic changes between these two temperatures. We stress
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again that the lower measurement temperature T = 14 K is sufficiently below the single-ion Kondo
temperature of the lowest lying Kramers doublet and the STS coherence temperature Tcoh ≈ 30 K,
where the Kondo lattice formation should be well established. At room temperature we are well
above this regime (T ≈10 Tcoh).
Starting at 14 K, the YbRh2Si2 EOND considerably deviates from that of YbCo2Si2 in fig. 5.4.
First, the width of the bright diamond shape formed by negative electron density becomes notably
larger around the X-points, with broad necks opening at the BZ border. From a qualitative comparison
with the calculated small FS of YbCo2Si2, one can expect these necks to arise from both the D and
the J EOND (compare fig. 5.7), when the unoccupied parts of the electron density increase in size
and extent towards the second Brillouin zone with the onset of f –d hybridization. This observation
is in line with the open necks in the D sheet of the large FS of YbRh2Si2 seen by ARPES up to
100 K [183]. A striking difference in the YbRh2Si2 EOND at 14 K compared to YbCo2Si2 is a strong
reduction of electron density close to the M-points, while it increases in the BZ center. It appears, as
if electron density is redistributed from the M- and X-points towards the center, which results in an
overall flattening of the EOND across the entire projected BZ. These effects are even more evident in
the EOND profiles shown in fig. 5.6a.
Upon raising the temperature to 300 K, the EOND in fig. 5.4 strongly changes and resembles
qualitatively the experimental result obtained for YbCo2Si2. Both the size and overall shape of the
diamond structure as well as the large occupation density in the corners of the projected BZ are in
good qualitative agreement with the EOND seen in YbCo2Si2. The absolute values of the electron
densities referenced to the mean values are in remarkable agreement as well. This is also evident
from a comparison of the EOND profiles in fig. 5.6a. Consequently, the YbRh2Si2 EOND at 300 K
also shows good qualitative agreement with the small-FS EOND calculated for YbCo2Si2 (fig. 5.3c).
Note, that for a hypothetical small FS in YbRh2Si2 the calculated EOND would be virtually identical
to that of YbCo2Si2 (see the note in appendix D.1).
From fig. 5.6a, an apparent difference between the EONDs of YbRh2Si2 at 300 K and YbCo2Si2
is evident in the presence of an additional dip in the YbRh2Si2 EOND at ∼ 0.2 2π/a halfway between
Γ and X. A similar dip can be found in the EOND profile for YbRh2Si2 at 14 K around 0.4 2π/a along
Γ – X. It might therefore be natural to assume that these dips are related to each other by having a
similar origin in the Fermi surface. However, the amplitude of the dips only marginally exceeds the
propagated statistical error of the experiment. We nevertheless try to give a possible route towards an
explanation of these dips in the next section, although the origin of the dip in the high-temperature
phase ultimately remains unclear.
Hall effect measurements combined with renormalized band structure calculations on YbRh2Si2
have shown, that the predominantly hole-like contributions from the Doughnut and electron-like con-
tributions from the Jungle-gym FS sheets nearly compensate each other in the Kondo lattice regime
[270]. This result reflects the working of the Luttinger theorem, which requires the hybridizing 4 f
moment to be counted in the Fermi volume. Starting from a prototypical small FS as the one of
YbCo2Si2 with one hole, the additional 4 f hole gives a count of two modulo the BZ volume resulting
in an effectively compensated FS with a total Fermi volume of zero. We thus know that the integrated
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EOND of YbRh2Si2 at low temperatures should sum up to zero.52 In fig. 5.5, we therefore show
the experimental EOND of YbRh2Si2 at 14 K after subtraction of its mean value, i.e. such that its
integral over the BZ is zero. Having also established that YbCo2Si2 has an uncompensated FS with a
volume of one hole, we are only left with an unknown FS volume of YbRh2Si2 at 300 K. The strong
resemblance of the YbRh2Si2 EOND at 300 K to YbCo2Si2 in figs. 5.4 and 5.6a strongly indicates
a close similarity of the underlying Fermi surfaces and that the high temperature FS of YbRh2Si2 is
no longer compensated. In fig. 5.5 we therefore show the experimental EOND of YbRh2Si2 at 300 K
after subtraction of a constant, k-independent offset chosen such that the integral over the EOND, and
thus the Fermi volume, is equal to one hole, as in the case of YbCo2Si2 (see appendix D.5 for more
details). One can see immediately the good quantitative agreement between the high-temperature
EOND of YbRh2Si2 and the EOND of YbCo2Si2. Moreover, the EOND profile of YbRh2Si2 at
300 K in fig. 5.6b nicely matches the profiles of YbCo2Si2 within the experimental accuracy, which
was already evident from the data plotted with respect to the mean electron number in fig. 5.6a.
In essence, when moving from 300 to 14 K, the representation of the YbRh2Si2 EOND as shown
in figs. 5.4 and 5.6a reveals a presumably even redistribution of electron density mostly from the
M-points over the whole Brillouin zone. A hand-waving argument might be, that the formation of
the composite quasiparticles with the localized 4 f electrons effectively binds an itinerant conduction
electron per unit cell and largely suppresses its k-dependence. This would naturally lead to a change
in the Fermi volume, and thus the integrated value of the EOND derived from incompletely filled
bands, upon entering the Kondo regime, resulting in a data representation as shown in figs. 5.5 and
5.6b. At the same time, the integral of the total experimental EONDs (figs. 5.4 and 5.6a) remains
invariant, as the total number of electrons in the system does not change with temperature. The
difference between the two representations is that the EONDs in figs. 5.5 and 5.6b reflect the carrier
types contributing to the Fermi surface. Figure 5.5 would thus illustrate a transition upon cooling
from a mostly hole-like, small Fermi surface to a compensated, large FS with equal electron- and
hole-like contributions as indicated by renormalized band structure calculations [270].
5.4 Modeling the low-temperature EOND of YbRh2Si2
In this section, we present an attempt to model the transition from the high- towards the low-
temperature EOND observed in YbRh2Si2 by using a simple hybridization model, which includes
the major FS sheets and takes account of a momentum- and orbital-dependent hybridization strength.
We try in particular to elucidate the origin of the dips observed along Γ – X at both temperatures.
However, the depth of these dips only slightly exceeds the statistical error of the experiment. Never-
theless, its presence at both temperatures, but at different locations in k-space along Γ – X suggests,
that these features might be intrinsic to the electronic structure of YbRh2Si2, and more importantly,
they might even point to a further signature of the Fermi surface reconstruction in YbRh2Si2 with
52 Unfortunately, the exact volume of the large FS of YbRh2Si2 at low temperatures has not been experimentally derived to
date. To precisely obtain the Fermi volume, one needs information on the full electronic structure in all three dimensions,
while e.g. the ARPES maps presented in ref. [135] show the spectral intensity at the Fermi level projected onto a 2D
plane in momentum space. From the arguments outlined in detail in chapter 4 we nevertheless conclude, that the Fermi




















































Figure 5.8: (a) 3D Fermi surface of YbRh2Si2 calculated within the LSDA+U approximation with
U f f = 10.0 eV from two different perspectives. The color scale reflects the Yb 4 f character of the
Kohn-Sham states. (b) EOND cuts along M – Γ – X calculated for the bare, non-hybridized bands
(∆ = 0.0 eV) and six hybridization parameters ∆ varying between 0.1 and 0.6 eV. The EONDs have
been broadened by the experimental resolution (FWHM = 0.096 a.u.). The arrows are explained in
the text. (c) Calculated FS volume as a function of ∆.
To gain some insight into the origin of the dips in the YbRh2Si2 EONDs, we have performed
calculations employing an effective hybridization model based on the two-band picture introduced
in section 2.2 in eqs. (2.3) and (2.4) (p. 8). In the periodic Anderson model (PAM), the energies
of the quasiparticles forming in a Kondo lattice close to the Fermi level follow a simple picture
of two hybridizing bands derived from the renormalized energy of the localized f level and the light
conduction band (see e.g. [29, chapter 10] or [37, 47, 272]). We have extended this model to three light
conduction bands εi(k) hybridizing with a dispersionless band formed by the localized, renormalized
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f level ε f by solving
H(k) =

ε1(k) 0 0 ∆1 f (k)
0 ε2(k) 0 ∆2 f (k)
0 0 ε3(k) ∆3 f (k)
∆1 f (k) ∆2 f (k) ∆3 f (k) ε f

(5.1)
for eigenvalues at each k-point. In our model, each band hybridizes with the renormalized Yb 4 f level
(here, we consider only the CEF ground state doublet for simplicity) with a momentum-dependent
effective (renormalized) hybridization parameter ∆i f . The momentum and orbital dependence of the
∆i f has been heuristically estimated using an LSDA+U approach. The on-site Coulomb repulsion
parameter U has only been applied to the Yb 4 f orbital and has been set to an artificially large value
of 10.0 eV (with J = 0.7 eV) to enforce a 4 f 13 configuration. In contrast to an open-core calculation,
the LSDA+U approach does not exclude the 4 f states from the valence basis set. We therefore
assumed, that despite of the enforced local-moment 4 f 13 configuration, the 4 f basis orbitals were
still allowed to weakly hybridize with the conduction bands and to give a residual weight in the
Kohn-Sham eigenstates at the Fermi level. This 4 f contribution to the electronic states forming the
FS was then used to scale the effective momentum-dependent hybridization parameters ∆i f (k).
The tiny Yb 4 f weight at the FS is depicted in fig. 5.8a. The hybridization parameter appears in-
deed to be momentum dependent. Moreover, the electronic states forming the ‘necks’ of the Doughnut
FS sheet seem to have the largest 4 f weight. This result is in good agreement to similar estimates
made from linear muffin-tin orbital (LMTO) calculations [135]. The pronounced 4 f character of
the Doughnut necks is reflected in a strong band renormalization close to the f-point (here and in
what follows, the designation of high symmetry points in 3D is equivalent to fig. 5.2), which pushes
the necks into the neighboring BZ and leads to a characteristic ‘opening’ of these necks, while the
remaining part of the Doughnut sheet is not strongly affected by band renormalization [135, 183].
We have calculated the eigenvalues of H(k) in eq. (5.1) for a series of increasing hybridization
parameters ∆, where ∆i f =∆ · c f with c f being the Yb 4 f weight of a Kohn-Sham state normalized by
the maximum weight. The renormalized f -level ε f was set to −0.005 eV. The resulting EONDs, cal-
culated separately for the Doughnut and Jungle-gym FS sheets and in total, are depicted in fig. 5.9.53
Additionally, cuts through the EONDs along M – Γ – X are shown in fig. 5.8b.
In fig. 5.9, the overall trend in the experimentally observed change of the EOND in YbRh2Si2 with
lowered temperature seems to be qualitatively captured by our calculation. The projected EONDs
in fig. 5.9 show an expectable trend with increasing hybridization parameter. Both the Doughnut
D and the Jungle-gym J are well identifiable as square- or diamond-shaped regions of reduced
EOND. The enlargement of both the Doughnut and the Jungle-gym with increasing hybridization
is immediately evident. Hereby, the changes in J are substantially stronger than in D, which is
also observable in the EOND cuts in fig. 5.8b. The reason becomes apparent from an examination
53 The calculation was performed with experimental lattice parameters as given in D.1. For these parameters, the LSDA+U
calculation in fact yields a small Pillbox as part for the Fermi surface. As we found this band to give only a small
contribution to the EOND with practically no variation with increasing hybridization parameter, and as its participation



























Figure 5.9: Calculated EONDs in electrons per ( 2πa )
2 for YbRh2Si2 with varying hybridization pa-
rameter ∆ using an extended effective hybridization model as explained in the text. EONDs are given
separately for the Doughnut (left column) and Jungle-gym (second column). The total EOND is
depicted in the third column. The rightmost column shows the corresponding 3D Jungle-gym sheet.
of the 3D FS of the Jungle-gym shown in the rightmost column of fig. 5.9. The FS undergoes a
change in topology around ∆c ∼ 0.3 eV, where the formerly interconnected sheet breaks apart into a
closed, flat electron pillow around the BZ center, small electron pockets around the N-points at the BZ
borders and open electron-like columnar structures along X-P-u connecting the corners of neighboring
reciprocal unit cells. Related changes in the topology upon the small-to-large FS transition in CeIrIn5
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have also been found from a DMFT calculation in ref. [273]. The appearance of these electron
sheets naturally explains the transition from a non-compensated to a compensated FS as anticipated
in YbRh2Si2. At the same time, the Doughnut sheet does not dramatically change its shape and
topology apart from an enlargement and opening of the previously mentioned ‘necks’ (not shown
here, see Ref. [135]) and a possible closing of the hole in the middle. As expected, the total FS volume
shrinks continuously with increasing hybridization parameter (which by counting the enclosed holes
corresponds to an enlargement of the hole-like Fermi surface) as depicted in fig. 5.8c. Notably, we
found that it reaches a reduction in volume by an integer electron also at ∼∆c, and continues to shrink
at a slower pace for higher hybridization parameters. Therefore, in our model, the Fermi surface
crossover with temperature in YbRh2Si2 seems to be linked to a change in topology of the Jungle-
gym FS sheet, which dominates the overall EOND evolution with temperature.
It is important to note, that the hybridization parameters ∆ used in our model and ranging from 0.1
to 0.6 eV seem to be unusually large. However, ∆ is just a scaling parameter, which is weighted by
the normalized 4 f weights c f as described above and therefore gives at most the maximum possible
hybridization. We checked the distribution of ∆i f for each band and found mean values of ≈ 60 meV
for ∆ = 0.3 eV and ε f =−0.005 eV. These effective hybridization parameters are in good agreement
with the values found in refs. [37, 135].
Turning to the EOND cuts along M – Γ – X in fig. 5.8, the evolution of the Jungle-gym J with
increasing hybridization indeed reveals the formation of a dip-like structure around 0.35 2π/a along
Γ – X indicated by the black solid arrow, similar to the observation in the experiment. The formation
of the dip is mainly driven by a strong depletion of electron density in the Jungle-gym due to the
breakup of the FS at the topological transformation. The dip in the total EOND results from a combi-
nation of dips observable both in theD (solid red arrow) andJ profiles. Remarkably, the dips in both
sheets seem to evolve from shallower dips at smaller hybridization parameters closer to the Γ-point
(dashed arrows), which continuously shift outwards with increasing hybridization. In the absence of
hybridization (dark blue profile) in the total EOND one might indeed be inclined to identify a broad
dip around 0.2 2π/a denoted by the dashed black arrow, which results from the dips inD andJ at the
dashed arrows and an additional dip in J around 0.1 2π/a. Hereby, we completely ignore the poor
agreement of the calculation around Γ with the experiment due to the uncertainties of the LSDA+U
calculation along Γ – Z (see footnote 53) and the large propagated statistical error around Γ in the
experiment. However, due to these uncertainties and the structureless, broad shape of this zero ∆
dip, we refrain from its definite attribution to the respective dip seen in the high-temperature EOND
profile of YbRh2Si2.
Apart from the low-temperature dip in YbRh2Si2, the general strong reduction in electron density
towards X is also qualitatively well reproduced by the calculation. However, from a quantitative
comparison between experiment and theory of the EOND cuts between Γ and M we find no satisfying
agreement. In particular, the strong reduction in electron density observed in the experiment around
M could not be reproduced in our model, as the columnar sheet at the BZ corner cannot be removed
even with higher hybridization parameters. We discuss a possible remedy for this problem on a purely
qualitative level in the next section.
While the topology of the Doughnut Fermi surface sheet is well established and could clearly
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be observed by ARPES and quantum oscillations [79, 135, 232], the topology of the Jungle-gym
FS sheet remained much less clear so far [274, 275]. Moreover, the latter is much more sensitive
to the details of band structure calculations (see figs. 5.6 and 5.7). This is one of the reasons why
for the Kondo regime at low temperatures the calculation of the FS of YbRh2Si2 has remained a
fundamental challenge [275]. One evidence for these difficulties is the rather poor agreement of
calculated and experimentally observed quantum oscillation frequencies assigned to the Jungle-gym
sheet, as referenced in section 5.5.
To conclude, according to our analysis the experimentally observed shift — or emergence — of the
dips in k-space with temperature might be a fingerprint of the strong renormalization of the Jungle-
gym with the formation of the hybridized heavy quasiparticle bands. Apart from our modeling, the
minor discrepancy of the YbRh2Si2 EOND at 300 K to the EONDs observed in YbCo2Si2 might on
a general level point to a residual f –d hybridization surviving in particular regions of the k-space.
In ref. [260], the f –d hybridization gap in YbRh2Si2 has been estimated to completely vanish only
at a temperature as high as 600 K. Furthermore, a detailed DMFT study of the lattice Kondo effect
found an energy-dependent crossover temperature [47]. While DMFT is one of the most advanced
techniques available to date in dealing with correlation effects in a Kondo lattice, the self-energy is ap-
proximated to be momentum-independent. However, an anisotropic structure as the one in YbRh2Si2
might lead not only to an energy-dependent, but also to a highly non-trivial momentum-dependent
crossover temperature. By our analysis shown above, we have made a first attempt to incorporate
momentum-dependent hybridization effects. Not only do our results differ substantially from a sim-
ilar hybridization model calculation, but with a uniform hybridization parameter (not shown here),
the hybridized FS according to our model also shows additional characteristics as e.g. the topological
changes, which do not arise in a standard 4 f -itinerant DFT calculation, as presented in ref. [182].
Because of the limited knowledge of the exact topology of the Jungle-gym sheet and the theo-
retical difficulties in modelling the large FS EOND in full detail, we ascribe the EOND dip forming
with increasing hybridization, and thus loosely speaking at low temperature, with great caution to
particular topological changes in the Fermi surface of YbRh2Si2, though the cause of the dip at high
temperature remains unclear. However, the observation of the formation of the low-temperature dip
might be valuable in the future to better understand the full FS of YbRh2Si2.
5.5 Discussion
To answer the question, whether and how the FS of YbRh2Si2 changes with temperature, we needed a
reference of an isoelectronic compound with well understood small FS. We have obtained the electron
occupation number density of YbCo2Si2 both by means of Compton scattering for low and room
temperature and DFT calculations and found a qualitatively good agreement between theoretical and
experimental EONDs. The calculated EOND originates from a band structure calculation, which
already proved to nicely model the ARPES mapping of the FS, with slight modifications of the Si-Co
distance in the unit cell to match the theoretical EOND with the experiment. Our results confirm the
well-established existence of the small FS in YbCo2Si2 and show no significant temperature evolution
between 14 and 300 K.
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In contrast, the EOND of YbRh2Si2 shows a dramatically different behaviour. At 14 K, the
YbRh2Si2 EOND considerably deviates from that of YbCo2Si2 and shows a notable redistribution
of electron density from the BZ borders towards the center. While the electron density increases
around Γ, it is depleted with increasing k-vector around M and X, which results in an overall flatten-
ing of the EOND. From previous ARPES experiments it is known, that the Fermi surface of YbRh2Si2
is large at least below 100 K [135, 183]. These profound differences between the low-temperature
EOND of YbRh2Si2 and the EOND of YbCo2Si2, the small FS reference, can therefore be attributed
to signatures of the reconstructed, large FS in YbRh2Si2 at 14 K.
A detailed derivation of the large FS topology of YbRh2Si2 at low temperature from the CS data
is limited by the contribution of several overlapping FS sheets, the projection of the EOND on a two-
dimensional subspace and the limited momentum resolution of the method. It is therefore beyond the
scope of this work. We nevertheless presented a first attempt in section 5.4 based on the extended
hybridization model to comprehend the transition from the high to the low temperature EOND in
YbRh2Si2. What became quite evident is that an enlargement of the D FS alone cannot explain
the observed changes in the experimental EOND. The strong reduction in electron density along
the Γ – X direction could only be understood from strong renormalization effects accompanied by
topological changes in the Jungle-gym sheet. However, the reduction in electron density around the
M-points at low temperature could not be satisfyingly reproduced within our model. The shape of
the D sheet in both the large and the small FS is well known from ARPES studies [79, 135] and can
therefore be regarded as securely established. In either case, this FS sheet does not come close to the
M-points and therefore cannot account for the strong EOND changes around the BZ corners. The
dramatic changes around the M-point of the projected BZ suggest once again, that their origin might
require a strong participation of the more extended J FS sheet in the FS reconstruction from small to
large. Interestingly, the Jungle-gym at low temperature could not clearly be traced in ARPES [135].
Similarly, quantum oscillation experiments could not observe frequencies of the J sheet, or they
attributed frequencies to J that strongly deviated from LDA predictions [182, 232, 274]. Therefore,
in contrast to the Doughnut, there is still very limited knowledge about the Jungle-gym sheet and its
role in the FS reconstruction. Our band structure calculations have found that both FS sheets, D and
J , are composed of Si 3p and Rh 4d orbitals with similar ratios in the high-temperature 4 f -localized
phase. Therefore it is reasonable to assume, that both sheets are similarly prone to f –pd hybridization
and the hole-like J volume should increase simultaneously to D, which is clearly reflected in our
calculations presented in section 5.4. As theJ band crosses the Fermi level already quite close to the
projected BZ border, the electron-like renormalized bands might be partly or even completely pushed
above the Fermi level in the part of k-space projected onto the M-points — an effect, which is not
captured yet completely in our momentum-dependent extended hybridization model.
A possible scenario for an at least partial shift of the Jungle-gym sheet J above the Fermi level
is illustrated in fig. 5.10. We employ again an extended hybridization model derived from the two-
band picture presented in section 2.2 analogous to the one used in the previous section. But this time
we focus on the dispersion around the u-point in the 3D BZ (compare the k-space path depicted in
fig. 5.10), which is critical for the formation of the columnar FS sheets building up the huge EOND








































Figure 5.10: Schematic illustration of the proposed Fermi surface renormalization (a) with the cor-
responding electron occupation numbers (b and c). a) The decoupled Doughnut (D) and Jungle-gym
(J) bands without hybridization with the 4 f orbital are depicted as green and blue dashed bands,
respectively. The unhybridized band dispersion in our model follows qualitatively the one in the cal-
culation around the u-point depicted in fig. 5.2. For simplicity, we omitted the topological hole formed
by the Doughnut around the Z-point. When the coupling with the f states sets in, a many-body reso-
nance appears right below the Fermi level, which by hybridizing with D and J forms renormalized
bands (depicted in black) with significantly enhanced masses close to the Fermi level. This process
can be thought of as the appearance of a Kondo resonance (with its centre of mass indicated by a
dashed red line ε f ), which forms weakly dispersive coherent quasiparticle bands. Note, that in con-
trast to Ce compounds, where the resonance appears slightly above the chemical potential EF, in
Yb compounds, which are the hole-type analogues to their Ce counterparts, the resonance appears
slightly below EF. b) Electron occupation numbers (EON) of the valence bands corresponding to the
unrenormalized scenario. Dotted lines draw connections to the respective Fermi vectors in panel (a).
The mean EOND, or equivalently the total number of electrons, has been subtracted in analogy to the
experimental data. c) EON after f –pd coupling and subtraction of the average EOND.
(a) shows the result of the application of this renormalized hybridization to a model of two itinerant
bands schematizing the Doughnut and Jungle-gym Fermi level crossings around the u-point in fig. 5.2,
where ε f denotes the renormalized f -level (here again, we consider only the CEF ground state for
simplicity) and the blue and green dashed lines are the schematized band dispersions of the non-
hybridized Jungle-gym J and the Doughnut D, respectively, at high temperatures. The black lines
give the renormalized dispersion. In our model, the effective hybridization strength renormalizing the
low-energy excitations is assumed to be large enough to push the outer Jungle-gym band J (depicted
in blue) beyond the X-point. The upper parts of J around the X-point are fully pushed above the
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chemical potential EF. The possibility of such a vanishing of Fermi level crossings due to band
hybridization in a Kondo lattice has in principle also been pointed out in ref. [236]. Here, only one
band from the combined hybridization of J and D with the f -states is left to cross EF and to build
the Fermi surface. The Fermi vector kF of the resulting band is shifted towards the X-point indicating
the enlargement of this hole-type FS sheet. A very similar band structure was derived in ref. [182] for
YbRh2Si2 in the paramagnetic heavy-fermion phase below the metamagnetic transition with the only
difference, that there J does just not cross the Fermi level. In our model, the corresponding electron
occupation numbers (EON) without and with f –pd hybridization are additionally shown in panels (b)
and (c). Equal hybridization parameters for both J andD have been assumed.
The electron occupation numbers in panels (b) and (c) reflect the disappearance of one of the two
bands along Z – X, which due to renormalization is shifted above EF at the X-point. In addition, a
fully occupied heavy band forms right beneath EF around Z, where initially the hole-like green band
crossed the Fermi level. Both effects result in a decreased number of steps, i.e. partially filled bands
in the low-temperature EON. The decreased step number corresponds to an overall flattened EOND,
similar to what has been observed in our experiment for YbRh2Si2 in the Kondo regime.
In conclusion, an accurate description of the low-temperature heavy-quasiparticle FS in YbRh2Si2
might require a combination of renormalization effects as described above by the schematic band
hybridization around the u-point and as derived from the extended hybridization model in section 5.4.
However, more sophisticated calculations including strong correlations on the Yb sites from first
principles as e.g. within a DMFT approach might be required to get a satisfying modelling of the
renormalized large FS in YbRh2Si2 and the process of its formation out of the small FS at high
temperature, which could account for a better explanation of the CS results. To the best of our
knowledge, such calculations are not available yet for YbRh2Si2. It is in particular desirable to obtain
precise information on the effects of band renormalization and heavy-band formation on the shape
and topology of the Jungle-gym sheet, as according to our preliminary theoretical results this FS
branch might play a dominating role in the formation of the large FS and associated thermodynamic
and transport properties upon entering the Kondo lattice regime. Finally, such knowledge might be
valuable for a better understanding of the quantum oscillation frequencies observed in YbRh2Si2 as
referenced above.
The central finding of this work is a strong change of the YbRh2Si2 EOND upon heating from 14
to 300 K, in stark contrast to a temperature-independent EOND in YbCo2Si2. A strong temperature
effect for YbRh2Si2 is likewise observable already in the raw directional Compton profiles, as has
been shown above in section 5.3.1. From the closeness of the high-temperature EOND of YbRh2Si2
to the experimental and calculated EONDs of YbCo2Si2, we conclude that the underlying FS of
YbRh2Si2 at 300 K is comparable to the well-established, small FS of YbCo2Si2 with well-localized
f -electrons. Going from 14 K to 300 K the quasiparticle energies in YbRh2Si2 therefore seem to
evolve as predicted by solutions of the PAM, i.e. in line with the anticipated crossover with increasing
temperature from the large towards the small FS.
The observation that the Fermi surface in YbRh2Si2 is still the large one at a temperature T of
100 K [183], far above the Kondo temperature of the ground state doublet, above the formation of
lattice coherence seen in STS and around the temperature of a maximum in the T -dependence of the
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resistivity, where coherence effects are usually assumed to just set in, intensified the debate on the
appropriate description of the emergence of coherence in Kondo lattices, on the renormalization of
the FS, and on the relevant temperature scales. The recent pump-probe ARPES study on YbRh2Si2
of Leuenberger et al. [260] provides clear evidence that the dehybridization of the f electrons takes
place in the T -range between 100 K and at least 250 K. A similar dehybridization temperature scale
was also observed by Jang et al. using T -dependent ARPES in combination with detailed DMFT
calculations in the Kondo lattice CeCoIn5 [236]. The DMFT yielded an onset of renormalization
effects in the Fermi momentum and Fermi velocity already at T ∼20 Tmax, where Tmax =45 K denotes
the temperature of the resistivity maximum in CeCoIn5, and a logarithmic crossover regime from a
small to a large FS extending over almost two decades in temperature. However, in their calculation,
the increase in Fermi volume upon cooling is quite slow reaching about half of an electron gain by
Tmax, where it becomes more rapid towards lower temperatures. Thus, the DMFT study suggests
that the FS in CeCoIn5 is not completely dehybridized at temperatures of the order of 3 to 4 Tmax,
but much closer to the small than to the large one. Choi et al. performed a DMFT modelling of the
FS in heavy-fermion CeIrIn5 and found an onset of a logarithmic FS distortion from small towards
large with decreasing T at 130 K≈ 2.6 Tmax, while they obtain a FS around Tmax closer to large than
to small [273]. This scenario nicely fits into the ARPES-derived experimental picture of YbRh2Si2.
Finally, qualitatively similar DMFT results on a model system have been obtained by Benlagra et
al., although they find the crossover to take place roughly around the Kondo temperature TK with a
maximally incoherent FS at TK and a qualitatively identifiable small FS about an order of magnitude
higher in temperature [47]. Translating the findings to the case of YbRh2Si2, the observation of a
small FS at 300 K seems reasonable, if one applies a similar estimate of T ∼ 3 Tmax ≈ 300 K as in
refs. [273] and [236].
However, neither refs. [260] nor [236] could specify in detail in which way the FS was affected.
The present results clearly suggest that at 300 K the FS of YbRh2Si2 has largely transformed to the
small FS, i.e. to the dehybridized one. Thus combining the present results with those of refs. [183]
and [260], one can safely conclude that the dehybridization of the 4 f electrons is connected with a
change from the large to the small FS. Although we were not able to follow the temperature evolution
of the EOND and the underlying FS in YbRh2Si2 in detail from low to high T due to the time-
consuming nature of the experiment, we suggest that this change occurs in a continuous process
mostly in the temperature range 100 K<T <300 K, in accordance with quantitative predictions from
DMFT calculations [236, 273].
The presented finding that the FS of YbRh2Si2 at 300 K essentially corresponds to the small one
with dehybridized 4 f electrons is an important result on its own. It allows to exclude the picture of 4 f
electrons in Ce- and Yb-based heavy fermion systems to be itinerant states hybridizing in a classical
way with d and p valence states. Instead, the demonstration of the FS changing from the large one at
low temperature well below TK to the small one at high T ≥ 300 K is a very strong support that the
Kondo lattice model, where the localized 4 f states form entangled quasiparticles with the conduction
electrons upon decreasing temperature, is the appropriate model to describe strongly correlated Ce
and Yb systems.
We would like to conclude the discussion with some final remarks built upon the excursus on
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coherence temperature scales in section 5.1.1. The temperature scale 100 K < T < 300 K for the de-
hybridization process implied by the present results and refs. [236, 260, 273] is larger than virtually
all temperature scales proposed as Kondo or coherence scales derived from other types of measure-
ments as e.g. transport or specific heat. Specifically the present Compton and recent ARPES results
provide clear indication that in particular in YbRh2Si2 the hybridization of the 4 f and valence states
starts far above the onset of coherence observed in the temperature dependence of the resistivity ρ(T ).
Moreover, the reconstruction of the large FS is almost completed at the onset of this coherence. At
first sight such a large difference in ‘coherence’ temperatures might seem inconsistent. An obvious
question arises, why all these T scales are so different, and whether there might be a universal relation
between all these scales. During the last years especially the debate on the appropriate definition of
a ‘coherence’ temperature became quite vivid. Since the formation of the hybridized bands is one
of the phenomena with which coherence is usually associated, it is certainly appropriate to discuss
the implications of our results for the concept of ‘coherence’ and ‘coherence temperature’ and the
relation to other characteristic and Kondo temperatures.
In contrast to the Kondo temperature, there exists no microscopically derived mathematical defi-
nition of the coherence temperature [236]. The concept of coherence rather originates from heuristic,
experimentally driven considerations, which is reflected in the broad variety of characteristic tem-
peratures derived for YbRh2Si2 (section 5.1.1) and other Kondo lattices. Furthermore, our present
results in conjunction with the ARPES findings cited above clearly indicate that the hybridized bands
start to form at much higher temperatures than the coherence temperature deduced from transport
measurements. The way to resolve this apparent discrepancy was already pointed out in ref. [183].
It appears that the ‘coherence’ effects seen in resistivity and in ARPES and Compton measurements
correspond to different phenomena: The formation of a large FS as seen in ARPES and Compton
scattering relies on the 4 f ’s spectral function to acquire momentum dependence due to hybridization
with dispersive conduction states. In contrast the onset of coherence effects in ρ(T ) relies on the
disappearance of inelastic scattering connected with the lattice Kondo effect, which naturally occurs
below the T scale of the onset of hybridization. Similarly, further energy scales deduced from other
types of measurements also correspond to distinct underlying mechanisms.
There are a number of arguments against the existence of a universal relation between these two
‘coherence’ scales. As pointed out in section 5.1.1, excited CEF levels can play a crucial role in
both effects. Since there is no universal relation between the Kondo scale and the energy splitting
of the CEF levels, this interplay is strongly material dependent, which prevents a universal relation.
In Kondo lattices close to a quantum critical point or in the antiferromagnetic regime, there are ad-
ditional T scales such as the Néel temperature TN or the temperature below which a Fermi liquid is
observed. Since these phenomena are consequences of the interplay with a further interaction, the
RKKY coupling with its own T scale, one cannot expect a universal relation between these scales and
the T scale of the formation of the large Fermi surface. YbRh2Si2 is an extreme example, where the
exceptionally low TN =65 mK results from a competition between two interactions with much larger
energy scales, TRKKY and TK, which are both likely of the order of 20 K.
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5.6 Summary
To summarize, we have obtained the electron occupation number densities from high-resolution
Compton profiles of YbRh2Si2 at 14 K, which is sufficiently below the single-ion Kondo temperature
TK or the coherence temperature inferred from STS, and at room temperature. As an experimental
reference for the small FS, we additionally measured the EOND of YbCo2Si2 and compared it to the
one derived from DFT-based band structure calculations. In addition, we made an attempt to model
the low-temperature EOND of YbRh2Si2 by applying an effective hybridization model derived from
the periodic Anderson model to a band structure obtained from DFT calculations within the LSDA+U
approximation.
In comparison to the small FS reference YbCo2Si2, the electron density in YbRh2Si2 shows drastic
signatures of reconstruction at low temperature upon cooling below TK. From the well-established
knowledge of the large Fermi surface in YbRh2Si2 at low temperature, these differences in the EOND
may be attributed to heavy 4 f -derived quasiparticle bands having emerged due to the lattice Kondo
effect. This conclusion could be in part verified by our hybridization model calculations, which
allowed to qualitatively reproduce certain characteristics of the low-temperature YbRh2Si2 EOND.
Our calculations revealed that the Fermi surface transition in YbRh2Si2 from small to large is likely
linked to a pronounced change in the Fermi surface topology, which to the best of our knowledge has
not been considered so far in the literature.
In stark contrast to the EOND of YbCo2Si2, which remains nearly unchanged between 14 and
300 K, the EOND of YbRh2Si2 shows strong modifications upon heating. At room temperature,
the EOND of YbRh2Si2, and therefore likely its FS, resemble strongly the reference of a small FS
established from YbCo2Si2. Our results show clear evidence of the long-sought Kondo crossover in
YbRh2Si2 from the itinerant 4 f moment at low temperatures, which participates in the Fermi volume,
to the localized 4 f moment far above TK (or the characteristic lattice coherence temperature deduced
from transport measurements), which is decoupled from the Fermi surface. The temperature scale of
this crossover can be narrowed down to about 100∼300 K.
Chapter 6
Summary and outlook
In this work, a subset of compounds from the RERh2Si2 (RE = rare earth) series has been studied
by means of ARPES, X-ray magnetic linear dichroism (XMLD) and Compton scattering. This class
of materials exhibits a multitude of different phases and physical phenomena related to the partially
filled 4 f shell, which encompasses a variety of antiferromagnetic and in parts complex local-moment
orders, mixed-valent behavior, heavy-fermion formation and quantum criticality. We have focussed
on three representatives of the RERh2Si2 series: GdRh2Si2, EuRh2Si2 and YbRh2Si2. Each of these
compounds has unique properties, which sets them apart and emphasizes a particular aspect of the
rich 4 f physics.
The antiferromagnet GdRh2Si2 has the largest Néel temperature among all RERh2Si2 compounds
due to a huge de Gennes factor. The large, pure spin moment of S = J = 7/2 allows to study mag-
netic exchange interaction in the absence of spin-orbit coupling within the 4 f orbital and crystal-
electric-field effects. In GdRh2Si2, the 4 f moments are ferromagnetically coupled within the basal
plane, while they stack antiferromagnetically along the crystallographic c-axis. Cleavage of the crys-
tal breaks the antiferromagnetic stacking and may leave behind a surface terminated by a Si-Rh-Si
trilayer on top of a ferromagnetically ordered Gd plane. Our UV-ARPES studies complemented
by XMLD experiments and DFT-based calculations revealed that the Gd subsurface layer induces
strong itinerant ferromagnetism at the Si-terminated surface via exchange interaction, which mani-
fests itself in a strong spin splitting up to 185 meV of two distinct surface-related states: a purely
two-dimensional Shockley surface state and a linear-dispersive surface resonance, the Dirac cone
band. In conjunction with the XMLD probes of the Gd 4 f magnetization in the subsurface and the
bulk, the temperature dependence of the spin splitting of the Shockley and Dirac states unveiled a
non-trivial magnetization process at the surface. First, we found a different Néel temperature at the
surface (TN ∼ 90 K) compared to the bulk (TN = 107 K). Distinct surface and bulk Néel tempera-
tures have also been observed in other RERh2Si2 compounds, however the magnitude and sign of the
difference results from a complex interplay between the reduced atomic coordination number at the
surface, the valence configuration of the rare earth element and the additional mediation of exchange
interaction via the Shockley state. Our results further suggest that at temperatures above ∼ 60 K the
magnetization of the topmost subsurface Gd layer in fact evolves independently from the magnetic
ordering in the bulk. Only below ∼60 K an additional channel, mediated by the resonant Dirac cone
band, opens up, which connects the surface magnetization to the bulk.
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Our calculations have further shown, that the Shockley surface state in GdRh2Si2 has a highly
non-trivial spin structure even in the paramagnetic phase, which is characterized by a Rashba-like
triple winding of the electron spin along the Fermi surface contour. The complex spin texture results
from spin-orbit coupling, which becomes masked by the much larger exchange splitting, when the
ferromagnetic ordering of the Gd subsurface layer sets in. We have recently observed a similar triple
winding in EuIr2Si2, in which the exchange interaction and spin-orbit coupling are of comparable
strength [83]. In the meanwhile, the triple winding has been identified to result from a cubic Rashba
effect [145, 276]. The findings on GdRh2Si2 and EuIr2Si2 have very recently motivated spin-resolved
ARPES studies of this phenomenon in TbRh2Si2 [276], and a method has been developed to identify
the Rashba-like spin texture from spin-integrated ARPES measurements [277]. Unfortunately, in
the present work the large lifetime broadening of the Shockley surface state in GdRh2Si2 prevents
an observation of the weak Rashba-like splitting in the paramagnetic phase, but a method is under
development to extract the residual wobbling of the electron spins due to spin-orbit coupling from
the spin-polarized surface state in the ordered phase and spin-resolved ARPES measurements on
GdRh2Si2 are under way.54
We have further tested a possibility to manipulate the Shockley and Dirac cone states by depositing
potassium on the Si-terminated surface. As expected, the electron doping effect shifts the bands to
higher binding energies, whereby an additional surface state emerges from above the Fermi level.
Calculations suggest that the surface states remain spin-polarized upon potassium deposition, while
higher amounts of the adsorbate might induce qualitative changes in the electronic structure and
spin texture of the surface states upon mixing among themselves and with the bulk bands. These
preliminary results show that the ferromagnetic Si-terminated surface of GdRh2Si2 might serve as
a promising model substrate to induce non-trivial electronic and magnetic properties into deposited
nanostructures which could eventually become interesting for technological applications.
The rest of this work takes a closer look at the bulk Fermi surface of the prominent heavy-fermion
compound YbRh2Si2. We first established with the help of UV-ARPES measurements on EuRh2Si2,
that the large Fermi surface in YbRh2Si2, which has previously been observed at low temperatures
down to 1 K, indeed contains one additional hole per unit cell originating from the delocalized degree
of freedom of the 4 f hole in accordance with Luttinger’s Fermi surface sum rule, even though the
Yb valence deviates only very slightly from Yb3+. This finding confirms, that the observed large
Fermi surface in YbRh2Si2 is indeed a manifestation of a true many-body effect arising from strong
electronic correlations. We have hereby made usage of the unique property of EuRh2Si2 being the
only compound in the RERh2Si2 series with a divalent rare-earth ion. This offers the valuable oppor-
tunity to gauge experimentally and in the absence of strong renormalization effects on the electronic
structure the topology and size of the large Fermi surface, which is expected for a nearly trivalent
RERh2Si2 Kondo lattice.
We have further found, that upon entering the antiferromagnetic phase, the Fermi surface of
EuRh2Si2 is subject to band folding, as observed by soft X-ray ARPES, due to the doubled size
of the unit cell. This leads to a pronounced splitting and fragmentation of the Fermi surface, which
could clearly be observed in the Fermi surface maps obtained by high-resolution UV-ARPES. Our
54 Dmitry Usachov (St. Petersburg State University, Russia), private communication.
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observations shift the attention to an aspect of YbRh2Si2, which has not been widely discussed so far
in the literature, namely the role of the multiple Fermi surface sheets, in particular the Jungle-gym
sheet, and possible topological modifications of the Fermi surface upon entering the antiferromagnetic
phase. Certain parallels between EuRh2Si2 and YbRh2Si2 including a presumable incommensurate
magnetic ordering in YbRh2Si2 and the prevalence of ferromagnetic correlations in both compounds
lead us to the proposition, that possible changes of the Fermi surface topology related to the develop-
ment of antiferromagnetic order might be of relevance for YbRh2Si2 as well. This might have serious
implications for the interpretation of the enigmatic quantum phase transition in this compound and
should certainly be taken into account.
In the final part of this thesis, we have addressed the long-standing problem of the temperature
dependence of the Fermi volume in Kondo lattices. Theory predicts a crossover of the Fermi surface
from large to small upon increasing temperature, as the 4 f electron (or hole in Yb-based Kondo lat-
tices) leaves the strong-coupling regime, where its degree of freedom is dissolved into the Fermi sea,
and becomes effectively localized and decoupled from the conduction band. However, a comprehen-
sive experimental proof of this prediction is still lacking to date. In this work, we have employed
high-resolution Compton scattering to derive the EOND of YbRh2Si2, which can be viewed as the
projection of the Fermi volume onto a two-dimensional plane in momentum space. The Compton
scattering method is a truly bulk-sensitive probe and offers the advantage of measurements at ele-
vated temperatures, which are hardly accessible to other established Fermiology techniques.
Our measurements have indeed revealed pronounced changes in the EOND of YbRh2Si2 between
14 K and 300 K, which can be attributed to a reconstruction of the Fermi surface with increasing
temperature. Comparison to equivalent measurements on YbCo2Si2, a reference system for the small
Fermi surface, allowed us to conclude, that the YbRh2Si2 EOND at 300 K reflects a small Fermi sur-
face, which results from a transition of the Fermi volume from large to small due to the temperature-
driven breakdown of the Kondo lattice effect. To the best of our knowledge, this is the first experiment
of this kind, which comprehensively visualizes the Fermi surface transition with temperature over the
whole Brillouin zone in an Yb-based Kondo lattice.
We have also offered preliminary calculations and models to account for the peculiar Compton
scattering response of YbRh2Si2 at low temperature, which should correspond to the previously es-
tablished large Fermi surface. Although a sophisticated modelling of the YbRh2Si2 EOND based on
the real conduction band structure of this compound and incorporating strong electronic correlations
is not available, we employed a simplified, effective hybridization model derived from the periodic
Anderson model to simulate the experimental results. We succeeded to reproduce certain aspects
of the EOND, although complete agreement with the experiment within a single model could not
be achieved. However, our results point to an important aspect, which is reminiscent of the conclu-
sions already drawn from the experiment on EuRh2Si2 presented in this work: the huge importance
of the Jungle-gym sheet for the properties derived from the low-temperature large Fermi surface
of YbRh2Si2. Our modelling suggests, that the Jungle-gym undergoes dramatic changes upon the
renormalization of the Fermi surface with the formation of the heavy quasiparticle bands at lower
temperatures. These changes in the Jungle-gym are not only more pronounced than in the other of
the two large Fermi surface sheets, the Doughnut, they also include a change of the Fermi surface
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topology from a largely interconnected sheet to a collection of disjoint sheets and electron pock-
ets. This rupture of the Jungle-gym reflects the transition from an uncompensated Fermi surface at
high temperature to a compensated Fermi surface (with equal number of electrons and holes) at low
temperature.
Our Compton scattering experiment and modelling thus strongly suggest, that the Jungle-gym in
YbRh2Si2 largely dominates the renormalization effects on the Fermi surface and might therefore be
of vital importance for the transport and magnetic properties in the low-temperature strong coupling
regime. However, while the Doughnut sheet could be identified in great detail in previous Fermiology
probes, neither high-resolution ARPES nor de Haas-van Alphen (dHvA) experiments could clearly
resolve to date the precise topology of the Jungle-gym. It might therefore be of vital interest to re-
assess this issue and, for instance, to reevalute the methods used for the theoretical prediction of
the expected dHvA frequencies with particular focus on a precise identification of the frequencies
associated with the Jungle-gym.
Appendix A
Ab-initio band structure calculations
All ab-initio band structure calculations except for the calculations on GdRh2Si2 presented in Fig. 3.4
were performed with the FPLO code (version 14.00-48) [114]. The calculational details for each
compound discussed in this work will be presented below.
A.1 GdRh2Si2
A.1.1 Calculations with the FPLO code
To account correctly for spin-orbit coupling, all calculations were performed fully-relativistically by
solving the four-component Dirac-Kohn-Sham equations [112] (see section 2.6.6) using the general-
ized gradient approximation (GGA) to the exchange-correlation potential [268]. The Gd 4 f config-
uration was fixed in an open-core approximation to a half-filled 4 f 7 shell in accordance with mag-
netization measurements [132]. The 4 f electrons were set to be unpolarized in paramagnetic (PM)
calculations and fully polarized with the moments oriented along the [110]-direction in the ab-plane
[131] to model the AFM phase.
The band structure maps in Fig. 3.2 were obtained by combining bulk and slab calculations. The
projected bulk bands were simulated with 50 high-symmetry cuts between kz = 0.0 and π/c parallel
to X−M−Γ−X of the two-dimensional surface Brillouin zone (SBZ). An asymmetric slab with 16
atomic layers (corresponding to two conventional bulk cells stacked along the c-axis) terminated with
a Gd and a Si layer on each side was used to model the surface states and surface resonances for both
surface terminations. Surface states and surface resonances were then identified to be states with pre-
dominant orbital weight in the topmost four Si-Rh-Si-Gd layers (for Si-termination) or the terminat-
ing Gd-Si-Rh-Si block (for Gd-termination). The bulk lattice parameters were relaxed by minimizing
the total energy as a function of the lattice parameters a, c and the Wyckoff position zSi. Various
calculational schemes involving PM and AFM order as well as treating the Gd 4 f electrons within
an open-core or GGA+U scheme yielded relaxed bulk lattice parameters of a = (4.09 ± 0.01) Å,
c = (10.11 ± 0.04) Å and zSi = (0.3780 ± 0.0005)c. These values are in reasonable agreement with
the experimental lattice parameters a = 4.042 Å and c = 9.986 Å [59], although being systematically
slightly higher. In the slabs, the atomic positions within the topmost four-layer blocks were allowed
to relax along the c-axis. This minimized stress among the near-surface layers, which might have
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otherwise strongly displaced the surface band positions.










where skσ is the projection of the spin expectation value of an eigenstate with wave vector k onto
the quantization axis along [110]. Note, that in a fully-relativistic calculation spin is not a good
quantum number and therefore the projection of the relativistic basis with quantum numbers l jµ onto
a non-relativistic basis lmσ with spin σ is approximate.
The simulated Fermi surfaces in Fig. 3.5 were similarly obtained by combining slab and bulk
calculations. For the projection of pure bulk states the momentum distributions of intensity at the
Fermi level for 80 planes parallel to the kx − ky plane between kz = 0.0 and π/c were integrated. The
spin-polarized surface-related states were extracted from calculations with an asymmetric slab of 16
atomic layers.
A.1.2 Calculations with VASP
Ab initio calculations were performed within the projector augmented-wave method [150] (VASP
code [151, 152]) using the generalized gradient approximation (GGA) to the exchange-correlation
potential [268]. The Hamiltonian contained scalar-relativistic corrections and spin-orbit coupling was
taken into account by a second variation procedure [142]. The GdRh2Si2 (001) surface was simulated
by a 32-layer-thick asymmetric slab corresponding to four stacked conventional cells with the topmost
(lowermost) surface terminated by Gd (Si). The energy cutoff for the plane-wave expansion of wave
functions was set to 256.5 eV and the two-dimensional Brillouin zone was sampled with a 12×12×1
k-point grid. In order to correctly describe the strong correlations in the Gd 4 f and Rh 4d states,
the GGA+U approach was used [106, 278]. For the Gd 4 f electrons values of U = 6.7 eV and
J = 0.7 eV were chosen, while the Rh 4d electrons were treated with U = 3.5 eV and J = 0.6 eV. The
Gd moments were oriented in the [100] direction and antiferromagnetically stacked along the c-axis.
Surface states and surface resonances for each termination were extracted by integrating the atomic
weights over the four topmost atomic layers.
The VASP calculations were performed by Mikhail M. Otrokov (Donostia International Physics
Center, San Sebastián/Gipuzkoa, Spain).
A.2 EuRh2Si2 – Calculations with FPLO
Bulk and slab calculations on EuRh2Si2 have been performed with the FPLO code. The calculated
Fermi surfaces in fig. 4.9 for antiferromagnetic EuRh2Si2 are a superposition of electronic structures
obtained from pure bulk and from slab calculations. To obtain the three-dimensional and projected
bulk Fermi surfaces in the paramagnetic phase a scalar-relativistic and spinless open-core calculation
within the GGA with an unpolarized fixed Eu 4 f 7 configuration corresponding to divalent Eu has been
used. For the three-dimensional and projected bulk Fermi surfaces in the antiferromagnetic phase, we
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used a fully-relativistic open-core calculation (by solving the Dirac-Kohn-Sham equations) within
the GGA. The S = 7/2 Eu moments with fixed 4 f 7 configuration where oriented along the [100]
direction and antiferromagnetically stacked along the c-axis, i.e. with alternating spin orientation on




2 ) Wyckoff positions of the Eu atoms in the conventional unit cell. For all bulk
calculations, experimental lattice parameters with a = 4.089 Å, c = 10.219 Å [58] and the generic
Wyckoff position for the Si atom zSi =0.375 c have been used, as the experimental parameters yielded
a better agreement with the UV-ARPES results than the relaxed parameters.
The surface states and surface resonances in the AFM phase depicted in fig. 4.9 where obtained
from an asymmetric slab with 32 atomic layers, which is terminated with Si on the one and with Eu on
the other side. As for the bulk AFM Fermi surface, we used a fully-relativistic open-core calculation
within GGA with stacked AFM order and moment orientation along [100]. For the slab calculations,
lattice parameters relaxed in the bulk and at the surface were employed to allow for accurate band
positions of the surface states. Surface states and surface resonances and spin projections have been
extracted in an analogous way as for GdRh2Si2.
A.3 YbCo2Si2 – Fermi surface and EOND calculations with FPLO
The calculations on YbCo2Si2 presented in Chapter 5 have been performed with the FPLO code
using the generalized gradient approximation and scalar-relativistic corrections. As YbCo2Si2 re-
mains paramagnetic for both measurement temperatures, a non-polarized and fixed 4 f 13 configuration
(open-core approximation) has been used. Such open-core calculations on YbCo2Si2 have previously
proved to give excellent agreement with ARPES mappings [79]. We used relaxed lattice parameters
a = 3.799 and c = 9.634, in good agreement with experimental values [264], but set the z-component
of the Si atoms to a fixed value of zSi =0.379 for the reasons discussed in sections 5.3.2 and 5.3.3.
As the FPLO code uses a local orbital instead of a plane wave basis set, calculation of the electron
occupation number density (EOND) via the electron density in momentum space (i.e. the electron
momentum density) and subsequent Lock-Crisp-West folding is not feasible with this approach. We
therefore obtained the projected EOND simply by counting all occupied states within the Fermi vol-
ume of the calculated 3D Fermi surface and projecting them onto the kx − ky plane.
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Appendix B
GdRh2Si2 – Spin structure of the
Shockley surface state
Figure B.1 shows the spin projections of the Shockley surface state onto the kx- (a) and ky-axis at
the Si-terminated surface of GdRh2Si2. In fact, the figure shows the spin polarization from all bands
of the complete 16-layer slab, which has been used for the calculation, but the star-shaped Shockley
state in the projected band gap centered in the middle around the M-point is easily distinguishable.
These figures are given for reference, as they are perfectly reflected by the spin structure given in
fig. 3.5 on p. 53, which has been deduced from the projection onto the [110]-direction, along which










Figure B.1: Spin projections of the calculated Fermi surface of GdRh2Si2 onto the kx- (a) and ky-axis
(b). The figures show the spin projections of all local orbital basis functions from the whole 16-layer
slab used for the calculation, but the star-shaped Shockley state in the projected band gap around the
M-point is easily recognizable.
Figure B.2 provides more theoretical details on the residual spin-orbit coupling (SOC) in the AFM
phase of GdRh2Si2. Fig. B.2a shows the spin vectors at each k-point of the Shockley surface state.
The spin structures are displayed separately for the outer and inner ‘star’ of the spin-split surface
state in the upper and lower panel, respectively. One can see, that despite a predominant orientation
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of the spins parallel or antiparallel to the effective field Heff due to exchange magnetic interaction
with the ordered Gd 4 f moments, the spins slightly oscillate around the field direction. The uniform
polarization (anti-)parallel to Heff seems to be modulated by a spin component precessing along the
band contour. To visualize this precession, we subtracted from each spin projection 〈ŝi〉 (i = x, y) the
mean values individually for each band b: 〈ŝi,b〉−〈ŝi,b〉. The results are shown in fig. B.2b. One easily
realizes, that these spin vector modulations closely resemble the spin structure of the split Shockley
state in the PM phase as shown in fig. B.1. This can especially be seen from a comparison of the spin
textures in the lower right and upper left quadrants of each panel in figs. B.1 and B.2b, if one relates
the outer and inner band in the AFM phase to the outer and inner ‘star’ in the PM phase, respectively.
Furthermore, the threefold rotation of the spins along the FS contour deduced from the PM calculation
is conserved in the residual modulating component for the AFM case. The modulating contributions
to the spin vector can be interpreted as spin-orbit interaction induced by the Rashba-Bychkov effect


































Figure B.2: Theoretical spin texture of the spin-split Shockley surface state of GdRh2Si2 in the AFM
phase. (a) Spin vectors separately for the outer and inner star-shaped band. The kz component is zero
everywhere. (b) Residual spin components due to SOC as obtained after subtracting the mean spin
projections separately for each band (see text).
Appendix C
GdRh2Si2 – Shockley state splitting fully
resolved by ARPES
Figure C.1: ARPES-derived band map (energy-momentum intensity distribution) along M – X taken
with a photon energy of 45 eV at 41 K. (a) Raw ARPES data and (b) corresponding curvature. The
band map shows a BZ cut from the FS data shown in fig. 3.5d. The experiment was performed at the
One-Cubed ARPES instrument at BESSY II.
Figure C.1 shows a band map obtained by ARPES along M – X. In this experiment, the quality of
the cleaved sample surface was notably better than in the measurement presented in fig. 3.6. There-
fore, the lifetime of the electronic excitations is significantly smaller and the splitting of the lower
branch of the Shockley surface state around the M-point can clearly be resolved. The band splitting





Supplemental data to the Compton
scattering measurements
D.1 Valence isoelectronicity of YbCo2Si2 and YbRh2Si2
Figure D.1: Calculated 3D Fermi surfaces of YbCo2Si2 and YbRh2Si2 from two different perspec-
tives in reciprocal space. Both FSs were calculated with a fixed 4 f 13 configuration (open-core ap-
proximation), which inherently results in a small FS. For the YbRh2Si2 calculation, experimental
lattice parameters (a = 4.007 Å and c = 9.860 Å [265]) have been used. The zSi parameter was set to
the experimentally obtained value of 0.379 c [232].
Figure D.1 shows a direct comparison of open-core calculations for YbCo2Si2 and YbRh2Si2.
An open-core approach inherently excludes any f –d hybridization. Its application to YbRh2Si2 can
therefore at most model the hypothetical high-temperature limit of a small Fermi surface. The cal-
culated FS topologies are nearly identical, as expected for these two isoelectronic compounds. This
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finding confirms the implicit notion of our analysis to use the small Fermi surface of YbCo2Si2 as
a reference for the assumed high-temperature limit of the Fermi surface of YbRh2Si2. The resulting
projected 2D EONDs would therefore be almost the same as well. Minute differences would not be
distinguishable with the available experimental resolution.
D.2 Reconstructed electron momentum densities
Figure D.2 shows the 2D electron momentum density for YbCo2Si2 and YbRh2Si2 at 300 and 14 K
as reconstructed from the corrected high-resolution Compton profiles and after subtraction of the
isotropic contributions. The electron occupation number densities as discussed in chapter 5 result
from the EMDs after Lock-Crisp-West folding, i.e. after folding of the higher-momentum components
into the first Brillouin zone. From the EMDs, the difference between high and low temperature in the
measured Compton profiles in fig. 5.1 (p. 97) can qualitatively be understood.
For YbCo2Si2, both the EMDs at 300 and 14 K show a weak anisotropy at higher momenta.
Hereby, momenta beyond ∼ 2 a.u. reflect the electron momentum density of well localized or core
electrons, while contributions from delocalized valence electrons dominate the EMD at smaller mo-
menta. The weak anisotropy in momentum space therefore points to an anisotropy in the spatial
electronic correlations at short length scales (compare footnote 27 on p. 37), which might be related
to an anisotropic occupation of the J = 72 ground state multiplet of the 4 f
13 configuration due to the
crystal electric field and/or to an anisotropic, weak residual Kondo scattering off the localized 4 f
electrons [79]. However, in YbCo2Si2 the EMD does practically not change with temperature, which
indicates that no essential reconstruction in the electronic structure of YbCo2Si2 takes place from
high to low temperature.
In contrast, the EMD of YbRh2Si2 clearly changes with temperature. Our analyses have verified
that the strongest changes take place for momenta . 1.5 a.u., which points to notable transforma-
tions in the valence band structure, and in particular in the Fermi surface. At higher momenta, a
weak transfer of electronic weight from the [110] towards the [100] direction is observable. While
the large-momentum EMD of YbRh2Si2 is already more anisotropic than in YbCo2Si2 at 300 K, the
momentum distribution becomes even more anisotropic at low temperature. This means, that the
electron momentum density at higher momenta and thus the spatial electronic correlations at small
length scales change from a more isotropic to a more anisotropic distribution. This transition in the
EMD explains the notable changes in the directional Compton profiles in YbRh2Si2 with temperature.
It might be related to the emergence of the Kondo lattice effect, which evolves from an incoherent,
predominantly isotropic single-ion spin-flip scattering to a coherent scattering, which gains momen-
tum dependence and therefore an inherently anisotropic signature. A sophisticated modelling of the
YbRh2Si2 EMD including strong electronic correlations within the 4 f shell and the material-specific
band structure of the wide-band conduction electrons is unfortunately lacking to date.
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Figure D.2: Upper two rows: Reconstructed 2D electron momentum densities (2D-EMDs) for
YbCo2Si2 and YbRh2Si2 for 300 K and 14 K, symmetrized according to the crystal symmetry. From
each map, the averaged 2D-EMD, i.e. the isotropic part of the EMD has been subtracted to emphasize
variations in the EMD. Bottom row: Difference 2D-EMD between low temperature (14 K) and high
temperature (300 K) for each compound. Note the opposite sign of the temperature difference map in
comparison to fig. 5.1.
D.3 Error maps of the EONDs
Figure D.3 shows the propagated statistical errors of the EONDs of YbRh2Si2.55 Respective error
maps for YbCo2Si2 can be assumed to be quantitatively similar. The statistical errors of each high-
55 The error propagation maps have been constructed and kindly provided by Akihisa Koizumi.
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resolution Compton profile are typically ±0.2 − 0.3% around the profile peak. These experimental
errors propagate into the EONDs through the algorithm for the EMD reconstruction and the Lock-
Crisp-West folding. The statistical error propagation into the EONDs has been estimated by using the
method described in the Supplemental Material of ref. [250]. The resulting errors define the errorbars
added to the EOND cuts shown in fig. 5.6.
Figure D.3: Statistical error maps in electrons per (2π/a)2 for YbRh2Si2 at 14 K and 300 K.
D.4 Overshooting artefacts in the reconstructed EOND
Weak oscillations in the electron momentum density (EMD) in the vicinity of kinks and in flat regions
arising due to the band limitation of the direct Fourier transform method might in principle coherently
add up in the EOND during the Lock-Crisp-West folding. This is largely remedied by the application
of a smooth filter to the reciprocal form factor (the intermediate interpolated Fourier transform of the
Compton profiles), which accounts for the finite experimental resolution of the Compton profiles in
momentum space and suppresses high-frequency components (for details see ref. [267]). However,
weak oscillations in the EMD and a resulting residual overshooting in the EOND in certain points of
the Brillouin zone might remain after the reconstruction process. We have tested the reconstruction
algorithm for a range of filter parameters and found, that the reconstructed EOND around the M-points
is rather robust against different parameter values, where the variation in the EOND does not exceed
∼0.4 electrons per ( 2πa )
2. The smallness of possible artefacts due to the reconstruction algorithm was
also verified by reconstructing an EOND from a set of averaged Compton profiles, which proved to
be fairly flat. We therefore conclude, that the qualitative shape of the experimentally derived EONDs
and notably the pronounced difference around the M-points between YbRh2Si2 at 14 K and all other
measured EONDs is intrinsic and is not an artefact of the reconstruction algorithm.
For identical data treatment, the systematic effects of the reconstruction algorithm on the mea-
sured EONDs should be comparable among different compounds and temperatures. This allows to
trace differences and changes in the EOND irrespective of possible systematic artefacts arising from
the reconstruction procedure. This is reflected in the similarity of the EONDs of YbCo2Si2 at both
temperatures. The comparison of the measured EOND of YbRh2Si2 to the well understood reference
compound YbCo2Si2 allows to circumvent the ambiguities of a comparison to a calculated EOND.
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D.5 Compensated vs uncompensated Fermi surface in YbRh2Si2
In fig. D.4, we illustrate the effect of a possible transition of the YbRh2Si2 FS from compensated
to uncompensated. Firstly, under the hypothetical assumption that the Fermi volume of YbRh2Si2
would not change upon heating, the 300 K YbRh2Si2 profile (lighter-shaded red open-symbol curve)
has been shifted by the same offset as the 14 K YbRh2Si2 data (red closed-symbol curve). Note,
that the average value of a raw EOND simply gives the total number of electrons per unit cell and is
therefore independent of temperature. However, assuming exactly one electron less in the 300 K FS
of YbRh2Si2 compared to the 14 K FS, i.e. moving the 300 K profile down by −1 electron per (2π/a)2
(darker-shaded red open-symbol curve) and as shown in fig. 5.6b, yields notably good agreement
between the EONDs of YbCo2Si2 and YbRh2Si2 at 300 K.




























Figure D.4: Experimental EOND cuts along M – Γ – X of YbCo2Si2 and YbRh2Si2, where the offsets
have been chosen such that the integrated EOND is zero for 14 K YbRh2Si2 (compensated metal) and
−1 electrons for YbCo2Si2 (one-hole FS). The red open-symbol curves representing EOND cuts of
YbRh2Si2 at 300 K are explained in the text.
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CeRh2Si2 under Pressure. Phys. Rev. B 64, 224417 (2001).
188. Araki, S., Settai, R., Nakashima, M., Shishido, H., Ikeda, S., Nakawaki, H., Haga, Y., Tateiwa,
N., Kobayashi, T. C., Harima, H., Yamagami, H., Aoki, Y., Namiki, T., Sato, H. & Ōnuki,
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D., Shishido, H., Ikeda, S., Watanabe, N. & Ōnuki, Y. Quasi-Two-Dimensional Fermi Surfaces
of the Heavy Fermion Superconductor CeIrIn5. Phys. Rev. B 63, 060503 (2001).
198. Götze, K., Aoki, D., Lévy-Bertrand, F., Harima, H. & Sheikin, I. Drastic Change of the Fermi
Surface across the Metamagnetic Transition in CeRh2Si2. Phys. Rev. B 95 (2017).
199. Shishido, H., Settai, R., Aoki, D., Ikeda, S., Nakawaki, H., Nakamura, N., Iizuka, T., Inada,
Y., Sugiyama, K., Takeuchi, T., Kindo, K., Kobayashi, T. C., Haga, Y., Harima, H., Aoki, Y.,
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